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@ Optical waveguid devic . 

m 

^ An optical waveguide device usable as an optical wave-modulator and having a reduced DC drift 

CM includes a LiNbOa substrate (Z) . an optical waveguide fonmed in a front surface portion of the substrate, 
IT) a dielectnc layer (8) covering the front surface of the substrate and the optical waveguide surfac , and 
^ an electrode system (5,6a,6b) arranged on the dielectric layer (8), the dielectric layer (8) comprising a 
O matrix component consisting of an amorphous Si02 and a doping element component consisting of Li 
and/or Nb ; and having a r fractive index lower than that of the amorphous Si02 matrix fr e from the 
III doping element component. 
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The present invention relates to an optical waveguide device. In preferred embodiments it relates to an 
optical waveguide device having a substrate comprising, as a principal component, lithium niobate, and an opt- 
ical waveguide, exhibiting a reduced DC drift, and thus useful as an optical wave modulator. The optical wa- 
veguide device of the preferred embodiments is advantageous in that even under an application of a controlling 
5 DC voltage, the device can exhibit a stabilized operating property and is useful as a key element, for example, 
a high speed optical intensity modulator or a high speed optical switch, of an optical communication system, 
an optical information treatment system or an optical measurement system. 

In conventional optical waveguide devices having a lithium niobate substrate, generation of DC drift is a 
big problem to be solved. It is known that the mechanism of the generation of the DC drift can be explained 
10 by using an RC equivalent circuit model, as described in: 

S. Yamada and Minakata. Jpn. J. Appl. Phys., Vol. 20 (1981), 733, 

CM. Gee, G.D. Thurmond, H. Blauvetl and H.M. Yen, Appl. Phys. Lett., Vol. 47 (1985), 211, and 
R.A. Becker, Opt. Lett., Vol. 10 (1985), 417. 
Namely, it is known that the amount and direction of the DC drift of an optica! element greatly depend on 
75 the electric resistance (R) and the electric capacitance (C) of each of the lithium niobate substrate and a di- 
electric layer formed on the substrate of the optical element, especially on a relaxation time (x) of the element 
which is defined as a product (RC) of the electric resistance (R) and the. electric capacitance (C). 

From the above-mentioned facts. It is understood that the DC drift of the optical element can be controlled 
by regulating the electric resistance (R), electric capacitances (C) and relaxation times (t) of the substrate and 
20 dielectric layer of the optical element. 

As particular means for controlling the parameters of the optica! element-forming materials, the following 
techniques have been reported. 

According to H. Nagata, J. Ichikawa. M. Kobayashi, J. Hidaka. H. Honda, K. Kiuchi and T. Sugamata, Appl. 
Phys. LetL, Vol. 64 (1994), 1180, the amount of DC-drift can be restricted by reducing the content of hydrogen 
25 in the substrate. Particularly, since hydrogen is introduced into the lithium niobate substrate during a poling 
treatment of the substrate crystal, the hydrogen content in the substrate can be easily reduced by heat-treating 
the substrate in a dry atmosphere. The mechanism of the relationship between the hydrogen content of the 
substrate and the DC drift of the substrate is not fully clear. Nevertheless, it is assumed that since the electric 
resistance (R) of a low hydrogen content substrate is usually higher than that of a high hydrogen content sub- 
30 strate, this phenomenon probably contributes to the reduction in the DC drift of the low hydrogen content sub- 
strate. 

Usually, the dielectric layer is formed from silicon dioxide. Also, it is known from, for example, Japanese 
Unexamined Patent Publication (Kokai) No. 5-257,1 05 that the DC drift of the dielectric layer can be reduced 
by doping silicon dioxide with at least one member selected from the elements of the 111 to VII! groups, lb group 
35 and lib group of the Periodic Table. This technique appears to correspond to the control of the electric resis- 
tance (R), electric capacitance (C) and relaxation time (t). 

From another report, it is known that the DC drift of the lithium niobate substrate can be reduced by sur- 
face-modifying the substrate by an ton-injection method prior to the formation of the dielectric layer on the 
substrate. 

40 In still another report. It Is known from, for example, Minakata, Electronic Infonnnation Communication As- 

sociation Theses, Vol. J77-C-1 (1 994), 1 94, that the DC drift of a lithium niobate substrate can be reduced by 
etching and removing a surface portion of the substrate, in which the composition of the materials from which 
the substrate is formed, is modified during a step for fonming an optical waveguide In the surface portion of 
the lithium niobate substrate. 

45 As mentioned above, various methods have been attempted to reduce the DC-drif L However, these meth- 
ods are not satisfactory for practical use. Also, the known methods were experimentally discovered and de- 
veloped, and thus do not fully correspond in numerical results to the RC equivalent circuit model. 

Although the known methods are practically contributory to reduce the DC drift, it is difficult to exactly 
evaluate the practical usage of the known methods. 

50 However, from the viewpoint of industrial production of the optical device, it is most desirable that the DC- 

drift-reducing method is as simple as possible and can be easily controlled. For example, with the known meth- 
od, in which one or more doping elements are forcedly introduced into a dielectric layer, it is difficult to quan- 
titatively control the introduction of the elements with a high reproducibility. 

In the production of an optical waveguide device, for example, a Mach Zehnder optical modulator. In a sur- 

55 face portion of a lithium niobate (LINbOs) substrate, an optical waveguide having a pair of branch portions con- 
verged in a Y-shape into an input portion and output portion thereof is formed by thermal diffusion method of 
titanium, a dielectric (buffer) layer is formed from a dielectric material on the substrate surface, and an el c- 
trode system composed of a plurality of electrodes is arranged on the dielectric layer. This production process 
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is disclosed, for xample, by Nishihara, Haruna, and Sumihara, "Optical Integrated Circuits", 1985, Ohmu-Sha. 
Optionally, for the purpose of evenly dispersing an electric charge generated on th surfac of the optical de- 
vice due to a pyroelectric effect of UNbOa wh n the environmental tennperature, at which the optical device is 
operated, is changed, without allowing the charge to be concentrat d under the electrodes, and of reducing a 

5 drift in the device properties (operating points of modulated phase), a thin layer having a lower el ctric resis- 
tance than that of the dielectric layer is arranged on or under the dielectric layer, as disclosed in K. Seino, T. 
Nakazawa, Y. Kubota, M. Doi, T. Yamane and H. Hakogi, *Proc. OFC 92, San Jose, Feb. 8 to 11, 1992 (Optical 
Soc, An. Washington (1992), 332, Jumonji, and Nozawa "Electronic Information Communication Association 
Theses," C-1. J75-C (1992) 17, and Japanese Unexamined Patent Publication No. 5-66,428. 

10 In the formation of the optical waveguide in the surface portion of the lithium niobate substrate, the thermal 

diffusion treatment with titanium is carried out at about lOOO^C. To reduce or prevent an undesirable out-dif- 
fusion of lithium from the substrate at the high temperature to the outside of the substrate, the thermal diffusion 
treatment is usually carried out in a wetted gas atmosphere provided by flowing the gas through a water bath 
while bubbling, as disclosed in the above-mentioned "Optical Integrated Circuits". In most all of the above- 

15 mentioned treatments, the wetted thermal diffusion atmosphere is provided by wetting a pure oxygen gas, 
an argon-oxygen-mixed gas or air. 

The dielectric (buffer) layer, which is an important constituent of the optical element, is formed on the opt- 
ical waveguide- provided substrate from a dielectric inorganic oxide, for example, Si02or AI2O3, by a vacuum 
deposition method, ion-assist vacuum deposition method, sputtering method or chemical vapor deposition 

20 method, which is a common method of forming a thin film. 

The inorganic oxide, for example, Si02 or AI2O3 has a high electrically insulating property and exhibits a 
low dielectric constant (refractive index). Therefore, optical signals being transmitted through the optical wa- 
veguides and high frequency electric signals being transmitted through the electrodes can be matched togeth- 
er and retained at a high efficiency. Also, since both the substrate-forming material and the dielectric layer- 

25 forming material are inorganic oxides, the interfaciat chemical bonding force between the substrate and the 
dielectric layer is strong thus the dielectric layer can be bonded to the substrate surface with a high stability. 

It is known from Japanese Unexamined Patent Publication (Kokai) No. 58-181,318, that after the dielectric 
layer is formed by the above-mentioned method, for example, a vacuum deposition method or sputtering meth- 
od, the resultant dielectric layer is heat-treated in an oxidative atmosphere at a temperature of about 600*C, 

30 to eliminate an oxygen defects in the dielectric layer. In this thermal treatment, usually a wetted oxygen gas 
prepared, for example, by bubbling the oxygen gas through a water bath, is employed to reduce the out-dif- 
fusion of lithium and to promote the oxidation reaction of the dielectric layer. 

The above-mentioned conventional methods including the thermal diffusion step for forming the optical 
waveguide in a wetted gas atmosphere and the heat treatment step for the dielectric layer in a wetted gas 

35 atmosphere, exhibit an unsatisfactory DC drift phenomenon which is a big problem to be solved for the Mach 
Zehnder optical wave modulator having a lithium niobate substrate. 

The term "DC drift phenomenon" is referred to as a phenomenon of changing an adjusted, modulated opt- 
ical phase of an optical device output and of getting out of the adjusted phase, with a lapse of time due to a 
DC voltage applied to the device. The DC drift phenomenon is not fully clear and is still under discussion: In 

40 one prevailing opinion, it is assumed that the DC drift phenomenon closely relates to electric properties (for 
example, resistivity and dielectric constant) of the substrate and the dielectric (buffer) layer, and thus it is dif- 
ficult to completely prevent the DC drift phenomenon of the optical device. (Jumonji and Nozawa, Electronic 
Information Communication Theses, C-1, J75-C-1 (1972), 17, and Japanese Unexamined Patent Publication 
(Kokai) Nos. 5-66,428 and 4-346,310) 

45 Prefen-ed embodiments of the present invention can provide an optical waveguide device exhibiting a re- 

duced DC drift phenomenon, without the need of the specific treatment and controlling operation. 
The optical waveguide device of the present invention comprises: 
a substrate comprising lithium niobate; 

an optical waveguide formed in a front surface portion of the substrate; 
50 a dielectric layer formed on a front surface of the substrate and covering the surface of the optical wa- 

veguide; and 

an electrode system comprising a plurality of electrodes arranged on the dielectric layer, 
said dielectric layer comprising a matrix component consisting of an amorphous silicon dioxide and a 
doping element component comprising at least one member selected from the group consisting of lithium and 
55 niobium, and having a refractive index lower than that of the amorphous silicon dioxide matrix free from the 
doping element component. 

In the optical waveguide device of the present invention, the optical waveguide is preferably prepared by 
thermal diffusing titanium into the surface portion of the lithium niobate substrate in a dry gas atmosphere. 
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Also, the dielectric layer is pref rably heat treated in a dry gas atmosphere. 

The optical waveguide d vice of the present invention, preferably exhibits a drift of direct current bias vol- 
tage of the device controlled to such an extent that when optical waves are input into the device while main- 
taining the temperature of the device at a level equal to or higher than room temp rature and continuously 
5 applying a direct current bias voltage betw en the electrodes, and a change in the operating point of the optical 
waves output from the device with time is monitored, the ratio A of a saturated drift voltage amount VC to the 
applied direct current bias voltage VB is less than 1. 

Also, in the optical waveguide device of the present invention, preferably the optical waveguide has two 
branch portions thereof converged into an input portion and into an output portion thereof and extending in 
10 parallel to each other, the electrode system comprises a hot electrode and a pair of ground electrodes anranged 
on the both sides of the hot electrode and spaced from the hot electrode, one of the branch portions of the 
optical waveguide faces the hot electrode through the' dielectric layer, the other branch portion of the optica! 
waveguide faces one of the ground electrodes through the dielectric layer, and the branch portion of the optical 
waveguide facing the hot electrode has a width larger than that of the other branch portion of the optical wa- 
rs veguide facing one of the ground electrodes. 

Further, in the optical waveguide device of the present invention, preferably the optical waveguide has two 
branch portions thereof converged into an input portion and into an output portion thereof and extending in 
parallel to each other, the electrode system comprises a hot electrode facing one of the branch portions of the 
optical waveguide through the dielectric layer and a pair of ground electrodes one of which faces the other 
20 branch portion of the optical waveguide through the dielectric layer, and regions of the dielectric layer surface 
located between the electrodes adjacent to each other are coated with electroconductive layer in such a man- 
ner that at least one portion of each of the dielectric layer surface regions is not coated with the electrocon- 
ductive layer, and the non-coated portion of each dielectric layer surface region extend along the extending 
direction of the branch portions of the optical waveguide and expose to the outside of the device, whereby an 
25 electrical connection between the electrodes adjacent to each other through the electroconductive layer is at 
least partially interrupted. 

Still further, in the optical waveguide device of the present invention, preferably the substrate and the opt- 
ical waveguide formed in the surface portion of the substrate are curve-deformed together with the dielectric 
layer in an arc form curving around a curvature center located on a straight tine perpendicular to the substrate 
30 surface due to an internal stress effect generated in the dielectric layer, whereby a distortion is generated in 
the optical waveguide and renders the refractive index of the optical waveguide to be slightly changed, and 
the slight change in refractive index of the optical waveguide renders, together with a photoelastic effect of 
the optical waveguide, the phase of the optical waves transmitting through the optical waveguide to be con- 
trolled to a desired phase. 

35 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a graph showing DC drifts due to dc=5V application of an example (VE) of the optical waveguide 
device of the present invention and a comparative optical waveguide device (SP), with a lapse of time; 
40 Fig. 2-(a) is a graph showing a result of a secondary ion mass spectroscopy analysis (SIMS) of a dielectric 

silicon dioxide layer of the comparative optica! waveguide device (SP) as shown in Fig. 1 , before heat treat- 
ment; 

Fig. 2-(b) is a graph showing a result of a secondary ion mass spectroscopy analysis of the same dielectric 
silicon dioxide layer (SP) as in Fig, 2-(a), after heat treatment; 
45 Fig. 2-(c) is a graph showing a result of a secondary ion mass spectroscopy analysis of an example (VE) 

of the optical waveguide device of the present invention as shown in Fig. 1, before heat treatment; 
Fig. 2-(d) is a graph showing a result of a secondary ion mass spectroscopy analysis of the same optical 
waveguide device sample (VE) as in Fig. 2-(c), after heat treatment; 

Fig. 3 is a graph showing dependencies of the refractive indexes of the same comparative optical wave- 
so guide device (SP) as in Fig. 1 and the same example of the optical waveguide device (VE) as in Fig. 1 , on 
the wavelength, after heat treatment; 

Fig. 4 is a graph showing contents of hydrogen in the dielectric silicon dioxide layers of the same compar- 
ative optical waveguide device (SP) as in Fig. 1 and the same example (VE) of the optical waveguide device 
as in Fig. 2, measured by a hydrogen forward scattering method (HFS); 
55 Fig, 5 is a graph showing a relationship between DC drift and operating time, of an example of conventional 

titanium-diffused LiNbOa optical waveguide modulators;. 

Fig. 6 is a graph showing a relationship between DC drift and operating time, of an example of the titanium- 
diffused LiNbOs optical waveguide modulator of the present invention; 
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Fig. 7 is a graph showing a relationship between DC drift and operating tinne, of another example of the 
titanium-diffused LiNbOs waveguide modulators of the present invention; 
- Fig. 8 is a graph showing a r lationship b tween DC drift and time, of still another example of the titanium- 
diffused LiNbOj waveguide modulators of the pr s nt invention; 
5 Fig. 9 is a graph showing a relationship between DC drift and operating time, of still another example of 

the titanium-diffused LINbOa waveguide modulators of the present invention; 

Fig. 10 is a graph showing a relationship between DC drift and operating time, of an example of conven- 
tional Tl: LiNb03 waveguide Mach Zehnder modulators, measured in a fixed bias continuous voltage ap- 
plication system; 

10 Fig. 11 is a graph showing a relationship between DC drift and operating time, of an optical waveguide 

device of Fig. 10. when a fixed DC bias voltage (-5. 1 or 4V shown by O or G) is continuously applied, or 
when the fixed DC bias voltage is released after the DC drift Is substantially saturated; 
Fig. 12 is a graph showing a relationship of log{V(oo) - V(t)) and operating time, calculated from the data 
of Fig. 10; 

15 Fig. 13 is a graph showing a relevancy between a drift phenomenon observed in a fixed DC bias voltage 

operation and a drift phenomenon in a controled voltage operation In a practical control of an optical wa- 
veguide device; 

Fig. 14 is a graph showing a relationship between operating time and operating voltage calculated from 
the equation (3) which will be indicated hereinafter, and practical data; 
20 Fig. 15 is a graph showing the same relationship between operating time and operating voltage as in Fig. 

14 except that the operating time is indicated in a logarithmic scale; 

Fig. 16 is a graph showing a relationship between operating time and operating voltage, calculated by 
changing At value in the range of from 5 to 240 minutes under conditions of an initial bias voltage of 3.5V, 
a relaxation time of 4 hours, and A = 0.5; 
25 Fig. 1 7 is a graph showing a relationship between operating time and DC drift of the device of the present 

invention measured at an atmosphere temperature of 80^C at a bias voltage of 5V In a fixed bias voltage 
system; 

Fig. 18 is a graph showing a relationship between operating time and ln{V(co) - \/(0)} for determining the 
relaxation time for DC drift data of Fig. 17; 

30 Fig. 19 is a graph showing a relationship between operating time and operating voltage, which relationship 

shows a correspondence of the control voltage drift measured in such a manner that an optical waveguide 
device of the present invention is operated under practical conditions by occasionally controlling the bias 
voltage at time intervals of 5 minutes to compensate a phase change due to the DC drift, and the results 
calculated in accordance with equation (3); 

35 Fig. 20 is a graph showing a relationship between operating temperature and thermal drift, of a conven- 

tional optical waveguide modulator; 

Fig. 21 shows an explanatory plain view of an arrangement of an optical waveguide and an electrode sys- 
tem of a preferable embodiment of the optical waveguide modulators of the present invention; 
Fig. 22 shows an explanatory front cross-sectional profile of a preferable embodiment of the optical wa- 

40 veguide modulator of the present invention; 

Fig. 23 is a graph showing a relationship between operating temperature and thermal drift, of a preferable 
- embodiment of the optical waveguide modulators of the present invention; 
Fig. 24 Is a graph showing a relationship between operating temperature and thermal drift, of comparative 
optical waveguide modulator; 

45 Fig. 25 is a graph showing a relationship between the width of an optical waveguide and a standard optical 

wave transmission coefficient; 

Fig. 26-(a) shows an explanatory cross-sectional profile of a conventional optical waveguide device; 
Fig. 26-(b) shows an explanatory cross-sectional profile of another conventional optical waveguide device; 
Fig. 27 shows an explanatory plain view of the optical waveguide devices of Fig. 26-(a) or 26-(b); 
50 Fig. 28 is a graph showing a relationship between operating time (voltage-applying time) and electric re- 

sistance between electrodes adjacent to each other, of completely sealed and incompleted sealed optical 
waveguide devices under high temperature and high humidity conditions; 

Fig. 29 is a graph showing a relationship between operating time and optical band width, of the same opt- 
ical waveguide devices as in Fig. 28 under the same conditions as in Fig. 28; 
55 Fig. 30 is a graph showing an element analysis results by Auger electron spectroscopy of a reacted product 

formed between the electrodes and the electrode surface itself; 

Fig. 31-(a) shows an explanatory plane view of a preferable embodiment of the optical waveguide devices 
of the present invention; 
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Fig. 31-(b) shows an explanatory cross-sectional profile of th optical waveguide device as shown In Fig. 
31 -(a); 

Fig. 32 shows an explanatory plane view of another preferable embodinnent of the optical wav guide de- 
vices of the present invention; 
5 Fig. 33 shows an explanatory plane view of still another preferable embodiment of the optical wav guide 

devices of the present invention; 

Fig. 34 shows an explanatory plane view of still another preferable embodiment of the optical waveguide 
devices of the present invention; 

Fig. 35 shows an explanatory plane view of still another preferable embodiment of the optical waveguide 
10 devices of the present Invention; 

Fig. 36-(a) shows an explanatory plane view of still another preferable embodiment of the optical wave- 
guide devices of the present invention; 

Fig. 36-(b) shows an explanatory cross-sectional profile of the optical waveguide device of Fig. 36-(a); 
Fig. 37 shows an explanatory plane view of still another preferable embodiment of the optical waveguide 
15 devices of the present Invention; 

Fig. 38 shows an explanatory plane view of still another embodiment of the optical waveguide devices of 
the present invention; 

Fig. 39 shows an explanatory plane view of still another embodiment of the optical waveguide devices of 
the present invention; 

20 Fig. 40 is a diagram showing a process for producing a preferable embodiment of the optica! waveguide 

devices of the present invention, and an explanatory cross-sectional constitution of the resultant curve- 
deformed optical waveguide device; 

Fig. 41 shows an explanatory cross-sectional profile of a portion of a preferable embodiment of the optical 
waveguide devices of the present Invention; 

25 Fig. 42 is a graph showing optical wave output modulation of an optical phase-adjusted embodiment and 

a non-adjusted embodiment of the optical waveguide devices of the present invention; 
Fig. 43 is a graph showing a relationship between gas pressure under which a dielectric layer is fonmed 
by a sputtering deposition method, and an internal stress generated in the optica! waveguide of the resul- 
tant optical waveguide device of the present invention; and 

30 Fig. 44 is a graph showing a dependency in DC drift of various optical waveguide devices on DC voltage 

applied to the devices at a temperature of 70**C. 

The optical waveguide device of the present invention comprises a substrate comprising lithium niobate 
(LiNbOs), an optical waveguide formed in a front surface portion of the substrate by, for example, diffusing 
titanium into the substrate surface portion, a dielectric layer formed on the front surface of the substrate and 

35 covering the optical waveguide surface, and an electrode system comprising a plurality of electrodes arranged 
on the dielectric layer, and is characterized in that the dielectric layer comprises a matrix consisting of an amor- 
phous silicon dioxide and a doping element component comprising at least one member selected from the 
group consisting of lithium and niobium, and has a refractive index lower than that of the amorphous silicon 
dioxide matrix free from the doping element component 

40 In the dielectric layer, the doping element component is preferably in a total amount of 10^^ atoms/cm^ or 

more but not more than 10^ atoms/cm^. 

Preferably, the dielectric layer of the present Invention has a refractive index of 1 .44 or less with respect 
to an optical wave having a wavelength of 0.633 jim, while the amorphous silicon dioxide matrix free from the 
doping element component has a refractive index of 1 .457 with respect to the same optical wave as mentioned 

45 above. 

Also, the dielectric layer of the present invention optionally further contains a hydrogenated compound or 

ion. 

The hydrogenated compound or ion contained in the dielectric layer of the present invention is in a total 
Amount of 1021 atoms/cm^ or more, in terms of hydrogen atoms. _ - . 

50 Further, at least one member of the doping element component contained in the dielectric layer may be 

one diffused from the lithium niobate substrate into the dielectric layer. 

The optical waveguide device of the present invention exhibits a reduced DC drift with time, while this 
device does not numerically agree with the RC equivalent circuit model theory. Namely, a significantly low DC 
drift of the optical waveguide device of the present invention is experimentally confirmed. 

55 In the optical waveguide device of the present invention, the substrate is formed from lithium niobate which 

exhibits a high electrooptical effect and is practically used as a material for optical devic s, for example, a high 
speed optical intensity modulator. Also, the dielectric layer is usually formed from silicon dioxide which exhibits 
a low dielectric constant and thus is popularly used as a base material for high frequency wav guide lines. In 
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the present invention, the various specific properties such as electric resistance (R), capacitance (C) and re- 
laxation time (t) of the dielectric (silicon dioxide) layer formed on th lithium niobate substrate w r investi- 
gated as major parameters greatly influencing the DC drift of the resultant optical waveguide device. These 
parameters are greatly inf luenc d by impurity and density of the dielectric silicon dioxide layer. Th purity and 

5 density of the dielectric layer depend on the method of forming the dielectric layer. 

In consideration of the above-mentioned facts, the inventors of the present invention studied the consti- 
tution of the silicon dioxide layers of two types of optical waveguide elements significantly different in DC drift 
behavior from each other, to experimentally discover a contributory material to reduce the DC drift. The present 
invention was completed on the basis of this discovery. 

10 In the optical waveguide device of the present invention, the substrate and the titan iunn-dif fused optical 

waveguide are formed by the same procedures as used for the conventional optical waveguide device. How- 
ever, the dielectric silicon dioxide layer of the present invention Is different in that the layer Is formed from a 
matrix component consisting of an amorphous silicon dioxide and a doping element component comprising at 
least one member selected from the group consisting of lithium and niobium by a vacuum vapor deposition 

15 method in which the silicon dioxide matrix component is doped with lithium and/or niobium, and in that the di- 
electric layer exhibits a lower refractive index than that of the conventional silicon dioxide, from the conven- 
tional dielectric layer. 

The conditions for forming the dielectric layer by the above-mentioned method are variable depending on 
the property and quality required for the resultant dielectric layer. Namely, even by the sputtering method, it 
20 is possible to obtain a dielectric layer having the same quality and property as those obtained by the vacuum 
vapor deposition method. 

With respect to an optical waveguide device (optical intensity modulator) VE of the present invention and 
a conventional optical waveguide device (optical intensity modulator) SP, Fig. 1 shows a relationship between 
logarithmic operating time and DC drift. The measurement of the DC drift was canried out at an operating tem- 

25 perature of 80°C under a DC bias voltage of 5V. In the conventional device SP, the dielectric layer was formed 
from the silicon dioxide material by a sputtering method. Also, in the device VE of the-present invention, the 
dielectric layer was formed by a vacuum vapor deposition method, and consisted of a silicon dioxide layer dop- 
ed with lithium and niobium and having a low refractive index. y) 
Both the devices were jie at treated , after the formation of the dielectric layer, in ^n-oxygen-gasjtreani at 

30 a temperature of 600°C. The measurement of the DC drift was carried out at a temperature of 80°C over about 

80 days. Fig. 1 clearly shows that the optical waveguide device VE of the present invention is stable even at yi 
the high temperature, and exhibits a significantly low DC drift 

Figs. 2-(a), (b), (c) and (d) show secondary ion mass spectroscopy analysis (SIMS) results of the dielectric 
silicon dioxide layers of the conventional device SP and the device VE of the present invention, before and 

35 after the above-mentioned heat treatment. 

Figs. 2-(a) and (b) concern the dielectric silicon dioxide layer of the conventional device SP, before and 
after the heat treatment, respectively. 

Figs. 2-(c) and (d) concern the dielectric silicon dioxide layer of the device VE of the present invention, 
before and after the heat treatment, respectively. 

40 In each of the optical waveguide devices VE and SP, the non-heat treated and heat treated dielectric silicon 

dioxide layers contained lithium and niobium each in an amount of the order of 10^5 ^ lO^^ atoms/cm^. This - 
content of lithium and/or niobium in the dielectric silicon dioxide layer is very low and thus the content of lithium 
and/or niobium can be obtained by diffusion therof from the lithium niobate substrate during the formation of 
the dielectric layer and the heat treatment thereof, without forced addition thereof. Practically, the dielectric 

45 layer containing lithium and/or niobium can be formed by the film-formation from silicon dioxide having a 4N 
or 5N grade in purity. A portion of lithium contained in the resultant dielectric layer is derived from an impurity 
in the silicon dioxide material and almost all of the niobium is derived from the diffusion thereof from the lithium 
niobate substrate. 

The relationship between the doping element component in the dielectric layer and the DC drift of the re- 
50 sultant optical waveguide device is not always clear. Nevertheless, to reduce the DC drift of the optical wave- 
guide device, it is important that the dielectric silicon dioxide layer doped with lithium and/or niobium exhibits 
a lower refractive index than that of the conventional silicon dioxide matrix. 

Fig. 3 is a graph showing the relevance of the refractive index of the heat-treated dielectric layer of the 
device VE of the present invention or the comparative device SP and the wavelength. The measurement of 
55 the refractive index was carried out by using an Ellipsometer. 

Refenring to Fig. 3, it is clear that the dielectric layer of the device VE of the present invention exhibits a 
refractive index.signif icantly different from that of the dielectric layer of the comparative device SP. In the de- 
vice VE having the lower DC voltage drift th refractive index of the dielectric layer is significantly lower than 
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that of a typical pure amorphous silicon dioxide. For example, the dielectric layer of the present invention has 
a refractive index of 1.44 or less with respect to an optical wave having a wavelength of 0.633 nm. This re- 
fractive index is clearly lower than the refractive index of 1.457 of the non-doped amorphous silicon dioxide 
at the same wavelength as mention d above. 

5 The difference in the r f ractive index between two dielectric layers depends on the density of the dielectric 

layers, unless these dielectric layers have significant defects, for example, oxygen defects. Therefore, the di- 
electric layer of the device VE of the present invention has a lower density than that of the comparative device 
SP. Namely, since the quantitative determination of the density of the thin dielectric layer is difficult, the re- 
fractive index is utilized as a parameter of the dielectric layer. 

10 In this connection, the dielectric layer of the device VE of the present invention exhibits a higher content 

of hydrogen than that of the comparative device SP. as shown in Fig. 4. Namely, referring to Fig. 4, the dielectric 
layer of the device VE of the present invention had a content of hydrogenated compound or ion of 10^^ 
atoms/cm3 or more. In terms of hydrogen atom. The measurement of hydrogen was carried out by a hydrogen 
forward scattering (HFS) method. It is not clear in what form the hydrogenated compound or ion is contained 

15 in the dielectric layer. Nevertheless, it is assumed that the hydrogen is adsorbed in the form of H2O or OH in 
voids formed in the amorphous silicon dioxide layer. 

Also, It is assumed that the relatively low density of the dielectric layer and the adsorption of hydrogen in 
the form of H2O or OH In the dielectric layer are contributory to the electrical performance, especially capac- 
itance (C), of the dielectric layer and thus to the reduction in the DC voltage drift of the resultant optical wa- 

20 veguide device VE of the present invention. 

Namely, the specific dielectric amorphous silicon dioxide layer doped with lithium and/or niobium and hav- 
ing a lower refractive index than that of the non-doped amorphous silicon dioxide matrix effectively causes 
the resultant optical waveguide device to exhibit a reduced DC drift. 

The optical waveguide device of the present invention can be produced by a process comprising the steps 

25 of: 

forming an optical waveguide with a desired form and dimensions by thermally diffusing titanium into 
a front surface portion of a lithium niobate substrate, 

forming a dielectric layer on the front surface of substrate so as to cover the optical waveguide, by de- 
positing a dielectric material thereon; and 
30 an-anging an electrode system comprising a plurality of electrodes on the dielectric layer. 

In the above-mentioned process, the formation of the optical waveguide by heat-diffusing titanium into 
the surface portion of the lithium niobate substrate is preferably carried out in a dry gas atmosphere. 
Also, it is preferable that the dielectric layer is further heat treated in a dry gas atmosphere. 
In the above-mentioned preferable process, the dry gas atmosphere preferably contains at least oxygen, 
35 because the substrate and dielectric layer are made from oxides. 

In the formation of the optical waveguide, the thermal diffusing step of titanium is carried out in a dry gas 
atmosphere at a temperature of 900°C to 1 000*C. The dry gas atmosphere is formed from oxygen gas. a mixed 
gas of argon with oxygen, or air. which contain at least oxygen. Generally, the oxygen gas is preferably used 
for the dry gas atmosphere. Also, it is preferable that the dry gas atmosphere contain water vapor in an amount 
40 corresponding to a dew point of 0*C or lower, more preferably -70*C or lower. 

The dielectric layer is formed from Si02 by a vacuum vapor deposition method or RF-sputtering method, 
and is preferably heat treated in a dry gas atmosphere at a temperature of 400*C to 800**C, more preferably 
about eOC'C. The dry gas atmosphere is provided from oxigen gas, a mixed gas of argon with oxygen or air, 
which contain at least oxygen. Generally, the oxygen gas is preferably employed for the dry gas atmosphere. 
45 Also, it is preferable that the dry gas atmosphere contains water vapor in a restricted amount corresponding 
to a dew point of O^C or lower, more preferably -70*C or lower. 

The electrode system comprising a plurality of electrodes is arranged on the dielectric layer, to control the 
optical properties of the optical waves being transmitted through the optical waveguide. The arrangement of 
the electrodes is carried.out, for example, by forming precursory Au electrodes each with desired form and 
50 dimensions (including a thickness in the order of 100 nm) by a photolithographic technique and thin film de- 
position technique, and increasing the thickness of the precursory Au electrodes to a level of several urn by 
an Au-plating technique. 

Fig. 5 shows changing of DC drifts of two different conventional optical Ti-LiNbOa type waveguide devices 
produced by using wetted gas, in relation to logarithmic operating time. 
55 One of the conventional devices is indicat d by a solid line and another one is indicated by a broken line 

in Fig. 5. 

The conventional devices (Mach Zehnder type optical intensity modulators) were produced by forming the 
titanium-indif fused optical waveguide at a temp rature of 980°C in a wetted synthetic air atmosphere prepared 
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by bubbling air through a super pure water at room temperature and containing water vapor in an amount cor- 
responding to a final dew point of about 40*C after being Introduced Into a titanium thermal diffusing oven; 
forming a dielectric silicon dioxide layer by a sputtering method; and heat treating the dielectric layer at a tenv 
perature of 600°C in a wetted oxygen gas stream having a water vapor content corresponding to a dew point 
5 of about 40*C. 

The dielectric layer of the conventional device indicated by a solid line in Fig. 5 had a refractive index of 
about 1.452 at a wavelength of 0.633 tim (see Fig. 3), while the non-doped dielectric matrix had a refractive 
index of 1 .457 at the same wavelength. 

Also, the dielectric layer of the conventional device indicated by a broken line in Fig. 5 had a refractive 
10 index of about 1.452 at a wavelength of 0.633 urn (see Fig. 3), while the corresponding non-doped dielectric 
matrix had a refractive index of 1.457 at the above-mentioned wavelength. 

To measure the DC drift of each optical waveguide device, a DC bias voltage of 5V was applied to the 
device at a temperature of SOX, and an AC voltage of ±10V was applied in addition to the DC bias voltage to 
the device. Then, the modulated optical wave output from the device was observed on an oscilloscope, to 
15 measure the changing in the optical intensity peak point with time, of the device. 

The DC drift phenomenon is accelerated with an increase in temperature. Therefore, the drift speed at 
80°C is about 1000 times that at room temperature (25°C). Fig. 5 shows that the conventional optical wave- 
guide modulator exhibited a drift at a level corresponding to the applied DC bias voltage of 5V several hours 
after the start of the operation. 
20 Fig. 6 shows a DC drift of an optical waveguide device of the present invention in relation to operating 

time, in the production of this device, a titanium thermal diffusion step for forming the optical waveguide was 
applied to a Z-cut LiNbOa substrate at a temperature of 980*C using a dry oxygen gas atmosphere having a 
water vapor content corresponding to a dew point of -70°C, a dielectric Si02 layer was formed on the front 
surface of the substrate including the optical waveguide by a sputtering method, and then the heat treatment 
25 of the dielectric layer was carried out at a temperature of 600X in a wetted oxygen gas stream having a dew 
point of about 40*C. The DC drift was measured at a temperature of 80*C under a DC bias voltage of SV. 

This device had a dielectric layer having a refractive index of about 1 .44 at a wavelength of 0.633 |.im, while 
the corresponding non-doped dielectric matrix exhibited a refractive index of 1.457 at the above-mentioned 
wavelength. 

30 Fig. 6 clearly shows that the optical waveguide drift of the present invention exhibited a small DC drift of 

about 2 to about 3V which is about half that of the conventional devices as shown in Fig. 5. Another optical 
waveguide device of the present invention was produced by the same process as mentioned above except 
that the heat treatment of the dielectric layer was carried out using a dry oxygen atmosphere having a water 
vapor content corresponding to a dew point of -70'*C at a temperature of 600X. 

35 The dielectric layer of the device had a refractive index of about 1 .44 at a wavelength of 0.633 i^m, while 

the corresponding non-doped dielectric matrix had a refractive index of 1.457 at the above-mentioned wave- 
length. 

The resultant device exhibited a DC voltage drift of about 2V as shown in Fig. 7. 

Optical waveguide devices of the present invention similar to those mentioned above were produced from 
40 Z-cut LiNbOa substrates which were different from each other, and subjected to the DC drift measurement. 

From the results of the measurement, it was conf imned that the resultant optical waveguide devices having 
a LiNbOa substrate exhibited a significantly reduced DC drift. In an example, a Mach zehnder type optical mod- 
ulator was produced by forming an optical waveguide in a surface portion of a Z-cut LiNbOa substrate by ther- 
mally diffusing titanium at a temperature of 980*'C using a dry oxygen stream having a dew point of -70*C, 
45 forming a dielectric SiOj layer on the front surface of the substrate including the optical waveguide by a sput- 
tering method and heat treating the dielectric layer at a temperature of 600X using a dry oxygen atmosphere 
having a dew point of -70*C. The dielectric layer had a refractive index of about 1.44 at 0.633 ^m. 

The resultant device exhibited a DC drift with time as shown in Fig. 7, under the above-mentioned meas- 
urement conditions. This DC drift is significantly low and about half that indicated in Fig. 5. 
50 In another example, an optical waveguide device was produced by the same procedures as mentioned 

above, except that the Z-cut LiNbOa substrate was one produced by a producer, other than that shown in Fig. 
6, and the heat treatment of the dielectric layer was carried out in a wetted oxygen atmosphere having a dew 
point of about 40*'C. 

The resultant dielectric layer had a refractive index of about 1.44 at 0.633 |im wav length. 
55 The resultant optical waveguide device exhibited the significantly reduced DC drift with time as shown in 

Fig. 8. 

In still another example, an optical waveguide device was produced by the same procedures as that in 
Fig. 7, except that the Z-cut LiNbOa substrate was produced by a producer other than that in Fig. 7. The re- 

10 



EP 0 652 457 A1 



sultant di lectric layer had a refractive index of about 1 .44 at 0.633 \xm wavelength. 

The resultant optical waveguide device exhibited a significantly reduced DC drift as shown in Fig. 9. 

We believe that the sanne advantages as in the present invention can be expected in other optical wave* 
guide devices having a substrate mad from another electrooptical crystal, for example, LiTaOa crystal, having 
a similar crystal structure to that of LiNb03 crystal. 

The reasons for the specific effect of the optical waveguide device of the present invention have not yet 
been made clear. Nevertheless,it is known from related experimental results that the hydrogen content in the 
optical device, especially In the LiNbOj substrate, is changed with a variation in heat-treatment atmosphere, 
as reported by L Kovacs. M. Wohlecke, A. Jovanovic, K. Polgar and S, Kapphan, "Infrared Absorption Study 
of the OH Vibrational Band in LiNbOa Crystal", J, Rhys. Chem. Solids, Vol. 52 (1991), 797 - 803. 

The relative change In hydrogen content derived from variation in heat treatment atmosphere was meas- 
ured in terms of OH vibrational mode absorption coefficient by the same Fourier transform infrared (IR) ab- 
sorption method as described in the above-mentioned report. The results are shown in Table 1. 



Table 1 





Gas 

atmosphere 
in optical 
waveguide 
forming 
step 


Gas 

atmosphere 
in 

dielectric 
layer heat 
treatment 
step 


Refractive 
index of 
dielectric 
layer at 
0.633 }Hn 

(*)3 


IR absorption due to 
OH vibration 


Substrate 


Substrate 
and 

dielectric 
layer 


Comparative 


WET(*)i 




21. A5 


2.5748 
1.7954 


2.4812 
2.0127 


The present 
invention 


MY(*)2 


VET(*)i 


1.A3-1.44 


0.7509 
0,7052 


0.7699 
0, 7183 



Note: ...An oxygen gas bubbled through super pure 

water at room temperature. 
.•.An oxygen gas had a dew point of -70**C. 
(*)3 Corresponding non-doped dielectric matrix 
had a refractive index of 1.457 at a 
wavelength of 0.633 ^im. 

Table 1 clearly shows that the optical waveguide devices, especially the LiNbOa sustrate type device, of 
the present invention had a significantly reduced hydrogen (OH) content in comparison with that of the con- 
ventional optical waveguide devices. 

This significantly reduced hydrogen content is greatly contributory to reducing the DC drift of the devices. 

In the optical waveguide device of the present invention, it is preferable that when optical waves are input 
into the device, while maintaining the temperature of the device at a level equal to or higher than room tem- 
perature and continuously applying a direct current bias voltage to the electrode system, and a change in the 
operating point of.the optical waves outputfrom the device with time due to the application of the direct current 
bias voltage being monitored, the ratio A of the saturated drift voltage VC to the applied direct current bias 
voltage VB is less than 1. 

More preferably the ratio A = VC/VB is 0.5 or less. 

Also, the optical waveguide device having a reduced DC drift with time is preferably selected from those 
having a ratio VC/VB of less than 1, more preferably 0.5 or less, as defined above. Where the ratio VC/VB is 
0.5 or less, the DC control voltage can be set forth at a low level. 

The DC voltage drift-measurement temperature is room temperature or higher, preferably 30*C or more, 
more pref rably 30*C to 1 0O^C. The operating point of output optical waves refers to, for example, a peak point 
of intensity of modulated optical waves. 
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As mentioned abov . th DC voltage drift phenomenon can b accelerated by raising the temperature of 
the optical waveguide device so as to shorten th necessary tim for the measurement. However, th high 
temperature causes the bonding material or another material used for the production of the optical waveguide 
device to be deteriorated. Th refore. the accelerated measurement of the DC voltage drift Is preferably carried 
5 out at a temperature not lower than room temperature and not higher than 100°C. Wh n th measurement 
temperature Is set forth at 80*C, the necessary tinne for determining the ratio VC/VC Is about one day to about 
several tens of hours. 

Fig. 1 0 shows various relationships between DC drift and operating time of a Ti: LiNbOa optical waveguide 
device when a fixed DC bias voltage is continuously applied at six levels of -5V, OV. +1V, +2V, 4V and 5V at a 

10 constant temperature of 60*'C. The conventional optical waveguide device (Mach Zehnder optical intensity 
modulator) used is one produced by forming an optical waveguide In desired form and dimensions by thermally 
diffusing titanium into a front surface portion of a Z-cut LINbOa substrate at a temperature of 980°C In a wetted 
oxygen gas atmosphere having a dew point of about 40**C, forming a dlelectricSi02 layer usually having a thick- 
ness of 500 nm to 1 iim by a sputtering method and heat treating the dielectric layer at a temperature of 600°C 

15 in wetted oxygen gas atmosphere having a dew point of about 40*'C. The electrode system Is formed on the 
dielectric layer by a metal (Au) vapor deposition and plating method. One end of the optica! waveguide Is con- 
nected to an optical fiber through a thin mulilayered film type polarizer, by an ultraviolet ray-curable, low re- 
fractive index epoxy bonding material. Also, the input and output ends of the electrodes are bonded to high 
frequency wave connectors for electrodes. 

20 In the experiments relating to Fig. 10 for the measurement of DC voltage drift, to the optical waveguide 

device, optical waves having a wavelength of 1 .55 i^m were input, while applying each of the above-mentioned 
fixed DC bias voltages together with a ±20V AC voltage at 1 kHz, and the intensity of the modulated optical 
waves output from the device was monitored on an oscilloscope, so as to measure changes, with time, of a 
specific peak point of the output optical wave intensity. The unit of the changing is in volt (V). The specific 

25 peak point was one located closest to the zero volt line of the applied voltage on the abscissas axis of the os- 
cilloscope. 

In Fig. 10, the change with time in the DC voltage drift, from an initial state is indicated as a DC drift. A 
similar drift measurement can be carried out by applying only the fixed DC bias voltage without applying the 
AC voltage. In this case, the DC drift is measured as a change in output optical wave Intensity. When an initial 

30 operating point and half wave voltage of the device are known, the measured Intensity change value can be 
easily converted to DC drift value in the units of volts. 

In the experiment shown In Fig. 11, a fixed DC bias voltage of -5V, +1V or +4V was continuously applied 
to an optical waveguide device at a temperature of TCC, and the change in DC drift with time was plotted 
with open circle or square marks (i.e., O or □). After the DC voltage become substantially saturated, the applied 

35 DC bias voltage was set to be zero, and the change in DC drift with time was plotted with solid circle or square 
marks of (I.e., © or El). 

Fig. 11 shows that after the DC bias voltage is released, the DC drift generated by the application of the 
DC bias voltage returns back to zero in substantially the same period of time as the DC bias voltage application 
time. 

40 The phenomena as indicated in Figs. 1 0 and 1 1 are analogous to a polarization phenomenon of a dielectric 

material under an electric bias field, especially an orientation polarization phenomenon having a relatively long 
orientation time, or an ion polarization phenomenon. The observed DC drift Is not always caused by the po- 
larization. However, in consideration of the facts that the optical device is constituted from a dielectric oxide 
material and a ferroelectric material, and that the drift phenomenon needs a long time of several hours, it is 

45 assumed that the long-term DC drift phenomenon is not derived from movement of electrons through the opt- 
ical device and is influenced by at least movement or migration of ions through the optical device. 

Also, in consideration of the facts that the DC drift depends on the direction of the bias voltage and that 
the drift can be recovered by releasing the bias voltage, it Is assumed that the drift phenomenon Is greatly 
influenced by the movement of ions or ion pairs, namely a polarization phenomenon, rather than an ion transfer 

50 phenomenon. 

In other words, it is assumed that when a DC bias voltage is applied, a polarization is created in a direction 
in whiph the electrical bias field is released, with a time lag (relaxation time), the DC bias voltage effectively 
applied to the optical device Is gradually reduced, and this gradual reduction appears as a DC drift phenomenon 
of the optical device. The mechanism of polarization Is not fully clear in the present stage. Nevertheless, it is 
55 assumed that the polarization occurs on the dielectric material-forming ions per se, or -OH groups derived from 
hydrogen contained, as an impurity, in the oxide material, or water molecules contained, as an impurity, In the 
optical device. 

Accordingly, the DC voltage drift phenomenon with time lag, which is observed in the case that a single, 
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constant DC bias voltage is continuously applied, as shown in Figs. 1 and 2, can be represented by the general 
equation (0) relating to relaxation phenomenon: 

V(t) = V(«>){1 - exp(-t/T)} (0) 
wherein t represents a time, t represents a relaxation time, V(oo) represents an apparent saturated DC drift 
5 voltage and V(t) represents a DC drift voltage at a tim (t). 

To confirm this, the data in Fig. 10 were converted to data showing a relationship between the operating 
time and log(V(oo) - V(t)), and the converted relationship is indicated in Fig. 12. From Fig. 12, it is confinmed 
that the DC drift phenomenon appearing in a fixed DC bias voltage-application system can be represented by 
the equation (0). Also, it is understood that the relaxation time at a temperature of 70*C is about 4 hours, as 
10 indicated in parentheses in Fig. 12. 

Based on the above-mentioned investigation concerning the DC drift phenomenon observed in a fixed 
DC bias voltage-application system, it was attempted to link the measured data in the fixed DC bias voltage- 
^ application system to DC controled voltage drift in a practical optical waveguide device operation system. In 
practical operation of an optical waveguide device, an initial bias voltage is applied to the device to adjust the 
15 operating point of the device to an optimum voltage position. Due to the DC voltage application a drift V(At) 
is generated a time At after the start of the voltage application, and then an additional voltage equal to the 
drift voltage V(At) is added to the intial DC bias voltage. By repeating the above-mentioned operations, the 
operating point (modulated condition) of the output optical waves can be maintained in the same condition as 
the initial condition. 

20 A relationship between the DC drift value measured under a fixed DC bias voltage and the DC controled 
voltage drift value measured in the practical operation of the optical waveguide device in a follow up control 
system is assumed from the equation (1): 

V(t) = AVb(1 - e-t/t) (1) 
-wherein Vb represents a DC bias voltage applied to the device at an initial stage (time t = 0) at a constant am- 
25 bient temperature, V(t) represents a DC drift of the device at a time stage t at the constant ambient temperature, 
A represents a constant (V(oo) = AVg) and t represents a relaxation time. 

Where the applied DC bias voltage Vb' changes with time, it is supposed that the total voltage drift V(t) 
can be given by the sum of the resultant drifts from the additional bias voltages. 

From this supposition, where an initial DC bias voltage Vq is applied to the device, the value of an additional 
30 DC bias voltage B(nAt) necessary to maintain the operating point of optical waves output from the device at 
a time stage t = nAt in the same condition as that of the initial operating point, can be obtained. 

Referring to Fig. 13, where an initial voltage is applied to the device at a time stage t = 0, the DC voltage 
drift V(At) of the device at a time stage t = At is calculated in accordance with the following equation: 

V(At) = AVo(1 - e - ^^') 

35 Also, where at a time stage t = At, an additional DC bias voltage B(At) = V(At) is further applied to the device, 
the DC voltage drift value V(2At) of the device at a time stage t ~ 2At as indicated in Fig. 1 3 can be calculated 
in accordance with the following equation: 



40 



V(2At) = AV,(1 - e"^*""'') + AV(At)(l - e"*^'') 
= AV,(i . a-'^^'^) 

45 Further, the additional DC bias voltage B(2At) at a time stage t = 2At, as shown in Fig. 13, can be calculated 
in accordance with the following equation: 
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B(2At) = V(2At) - B(At) 
- AV,(1 - e-^^'^) 

Still further, the additional DC bias voltages B{3At) and B(4At) at time stages t = 3At and t = 4At are r - 
spectively calculated in accordance with the following equations: 
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B{3At) = AVo(1 - - ^*'^)e - 2^*'^ + 2A2Vo(1 - e - ^^^)^ - + AN^i^ • e ' ^'')^ 

and 

B{4At)= AVo(1 - e- AtyT)e -3At/r + 3A2Vo(1 - e-^^')^' + 3A3Vo(1 - e- ^^^)^e- + A^VoCI - e* '"'^)^ 
Accordingly, th additional DC bias voltage B(nAt) at a tinne stage t = nAt can be calcutat d in accordance with 
5 equation (2): 

B(nAt) ° Zr ■ aX(1 - e ) e 

10 ' (i - - i)! 

The DC control voltage drift value V(nAt) at a time stage t = nAt can be calculated in accordance with equa- 
tion (3) based on equation (2): 

V(nAt) = B(kAt) 

^11 ^IJLlll aS.»(i - e-^V'— " 
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To converge the value of V(nAt), the inequality (4) must be obtained. 
25 B(nAt)<B((n - 1)At) (4) 

The difference between the values of B(nAt) and B((n - 1)At) is calculated from equation (5): 
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B(nAt) - B( (n - 1) At) 



(1 - 1)1 (n - i) I 



=-1 (n - 2)1 ,1,, ,1 ^-.c/t. l^-(tt-l-l).<:/T 

'"'(i - l)t(n - 1 - i)i 

J!LZ^ ^Ul - A)V,(1 . e-")-V'-^-"-" 

^'(1 - l)l(n - 1 - i)l 

(5) 



In equation (5)» when A is less than 1, the equation (4) is duly concluded and the V(nAt) value converges. 
45 Also, when A equal to 1, from equation (5) 

B(nAt) = B{(n - 1)At), 
and therefore the V(nAt) value linearly diverges. 

In view of equation (3), it is understood that the convergence of the V(nAt) valve depends on the parameters 
A, At and x. 

50 Namely, in view of equation (3), the DC control voltage drift amount at a certain stage depends on the 

time interval At of the control operations, the relaxation time t measured in a fixed DC bias voltage application 
system, and a ratio A of apparent saturated drift amount (unitvolt) to applied DC bias voltage. In view of equa- 
tion (5), the necessary condition for causing the control voltage drift to converge but not diverge, are that the 
ratio A is less than 1 (A < 1), namely the apparent saturated drift amount (VC) obtained in a fixed DC bias 

55 voltage-application system is less than the applied bias voltage (VB). At is a parameter variable depending on 
. the system, t is a parameter variable depending on temperature. If a temperature acc leration coefficient is 
known, th drift amount at a certain temperature can be estimated by a product of the t value measured in an 
accelerated condition at a high temperature, and the temperature acceleration coefficient. 
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As mentioned above, the A value may be a parameter for selecting the drift property of the optical device. 
Also, it is known that the larger the t value, the lower the drift amount Therefore, the t value can be also utilized 
as a parameter for selecting the optical device. 

Fig. 14 shows a plurality of relationships between op rating time and operating (control) voltage calculated 
5 in accordance with equation (3). In the measurement, th x value was 4 hours, which is the same as in Figs. 
10 and 12, the initial bias voltage was 3.5V which corresponded to a half wave voltage of the optical device, 
At was set to 1 hour for reasons of convenience, and A 1 .0. 0.8, 0.5, 0.2 or 0.1 . If A = 1 , in view of equation (5), 
the necessary control voltage VB linearly increases and diverges with the lapse of operating time. 

In Fig. 15, the relationships shown in Fig. 14 are indicated in a logarithmic scale of the operating time. In 
10 view of Figs. 14 and 15, when A < 1 , the control voltage does not diverge. To allow the optical device to be 
operated in a range of relatively low control voltage including the initial bias voltage, especially under 10V or 
less, it is preferable that A ^ 0,5. 

Fig. 16 shows a plurality of relations between operating time and operating (control) voltage when an opt- 
ical waveguide device is operated under an initial DC bias voltage of 3.5V, at a relaxation time of 4 hours, at 
15 A= 0.5, when the At value is changed in the range of from 5 to 240 minutes. Fig. 16 shows that the drift voltage 
value at least initial stage reduces with an increase in the value of At. Accordingly, when the absolute value of 
the control voltage drift is estimated in accordance with equation (3), the value of At is preferably set as small 
as possible. Otherwise, the equation (3) may be Integrated provided that At 0, to convert to a general equa- 
tion or an approximation. 

20 In an example, the correspondence between the practical measurement results and the equation (3) was 

checked. The optical waveguide devices used in the preparation of Fig. 10 exhibited a diverging DC voltage 
drift because A about 1. Therefore, an optical waveguide device having a value of A less than (A<1), by forming 
the dielectric Si02 layer by a vacuum vapor deposition method in place of the sputtering method. The dielectric 
Si02 layer had a refractive index of about 1.44 at a wavelength of 0.633 ^im. 

25 The DC voltage drift of this optical waveguide device was measured in a fixed DC bias voltage application 

system under a bias voltage of 5V at an ambient temperature of 80*'C. Fig. 17 shows the measurement result. 
Referring to Fig. 17, the DC drift appeared in a negative (minus) direction in an initial stage, and then in a pos- 
ition (plus) direction. The reasons for the drift in the negative direction in the initial stage are not clear. However, 
in almost all of the measurement period, the drift was produced in the positive direction, possibly due to the 

30 polarization phenomenon. The correspondence of the measurement results and equation (3) was checked. 
Since the initial drift is created in the negative direction, the apparent saturated drift value appeared at two 
levels of 1.4V (A = 0.28) and 2.3V (A = 0,46). 

The drift relaxation time of the device was 8.4 hours as shown in Fig. 18. The relaxation time is represented 
by a reciprocal of the inclination of the operation time-ln{V(oo) - V(0)} rotation line. 

35 A correspondence between a DC controled voltage drift value measured in a system in which the bias 

voltage was optionally controlled at time intervals of 5 minutes to compensate the change of the operating point 
due to the DC drift, this system being close to the practical operating system, and the calculation results from 
equation (3) was checked. The results are shown in Fig. 19. In Fig. 19, the solid line indicates a calculation 
results where relaxation time = 8.4 hours, and A = 0.46, and the broken line indicates another calculation results 

40 where relaxation time = 8.4 hours and A= 0.28, and in each case At = 1 hour. The initial bias voltage was set 
to 3.5V in each of the practical measurement and the calculations. The calculation results indicated by the brok- 
en line are similar to a relatively high degree to the measurement results, even in consideration of the fact that 
the equation (3) is a primary approximation formed under a some assumptions. 

In the case where the A value can be set forth in two different ways, some provisional measurements are 

45 preferably carried out, to determine a threshold value for the selection of the optical waveguide devices under 
conditions in which an upper limit of the control voltage is set. 

In an embodiment of the optical waveguide device of the present invention, the optical waveguide has two 
branch portions thereof converged into an input portion and into an output portion thereof and extending in 
parallel to each other, the electrode system comprises a hot electrode and a pair of ground electrodes arranged 

50 on the both sides of the hot electrode and spaced from the hot electrode, one of the branch portions of the 
optical waveguide faces the hot electrode through the dielectric layer, the other branch portion of the optical 
' waveguide faces one of the ground electrodes through the dielectric layer, and the branch portion of the optical 
waveguide facing the hot electrode has a width larger than that of the other branch portion of the optical wa- 
veguide facing one of the ground electrodes. 

55 The optical waveguides are formed on a front surface portion of a substrate made from a lithium niobate 

having an electro-optical effect. 

Preferably, the substrate is form d from a Z cut lithium niobate crystal, the optical waveguide is an asym- 
metric Mach Zehnder type optical waveguide produced by diffusing titanium into a front surfac portion of the 
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substrate, in a desired form and dimensions. 

The above-mentioned embodiment of the optical waveguide device, for example, an asymmetric Mach 
Zehnder type wav guide modulater. is advantageous in that an operating (control) voltag drift of the device 
is low even if the operating temperature changes, and thus the device has a high reliability. 

5 In a preferred example, the branch portion of the optical waveguide facing the hot electrode has a width 

of about 7 Jim, and the other branch portion of the optical waveguide facing one of the ground electrode has 
a width of about 6 \ivn. Namely, the width difference between the branch portions of the optical waveguide is 
about 1 nm. Usually, to prevent the optical waveguide from exhibiting a multimode performance, the wave- 
guides needs to have a width of about 7 jim. Accordingly, the widths of the pair of the branch portions of the 

10 optical waveguide are preferably in a combination of 7 pm with 6 \im or 7.5 \xtr\ with 6.5 ^m. 

In the conventional optical waveguide device, for example, a Mach Zehnder type optical wave modulator, 
the branch portions of the optical waveguide are arranged symmetrically with respect to a center line between 
the branch portions, and the electrodes of the electrode system are arranged asymmetrically with respect to 
the optical waveguide. Accordingly, an interaction between the electric field generated due to a pyroelectric 

15 effect evenly dispersed on the modulator surface due to a semiconductive (substrate) layer over the dielectric 
layer of the device, and the optical waveguide is different in practical effect between the branch portions of 
the optical waveguide. 

Due to the above-mentioned difference in the interaction between the electric field and the optical wave- 
guide the drift of the DC operating (control)- voltage applied to the electrodes to control the operating point of 
20 the device, increases with an increase in the operating temperature, as shown in Fig. 20. 

Such thermal drift of the optical waveguide device, which is variable depending on the operating temper- 
ature, is derived from the following phenomena: 

(1) a large pyroelectric effect of the Z-cut LiNbOa crystal in the substrate, 

(2) a change in the refractive index of the optical waveguide due to a thermal stress generated in the de- 
25 vice, and 

(3) a change in the half wavelength voltage of the device due to the change in the operating temperature. 

Under usual operating conditions, the influence of the phenomena (2) and (3) is small enough to be neg- 
ligible. To prevent the phenomenon (1). it has been attempted to coat the surface of the optical waveguide de- 
vice with a thin semiconductor layer to shield electrons generated due to a pyroelectric effect of the semicon- 

30 ductor layer and to prevent a local generation of an unstable electric field in locations around the electrodes. 
This attempt can effectively reduce the thermal drift of the Z cut LiNbOa modulator due to the operating tenrv 
perature changes. Also, the drift can be further reduced by arranging the electrodes symmetrically with respect 
to the center line between the branch portions of the optical waveguide. However, in the usual optical wave- 
guide device, for example a high speed modulator, a plurality of electrodes are arranged asymmetrically, In 

35 the asymmetric electrode system, even if the device surface is coated with the semiconductor layer, the op- 
erating voltage of the resultant device increases with an increase in of the operating temperature, as indicated 
in Fig. 20. 

It was found by the inventors of the present invention for the first time that the thermal drift depending on 
the operating temperature changes can be prevented or reduced by setting the width of the branch portion of 

40 the optical waveguide facing the hot electrode larger than that of the other branch portion of the optical wa- 
veguide facing one of the ground electrodes. 

In the optical waveguide device of the present invention as shown in Fig. 21, an optical waveguide 1 is 
composed of an input portion 2a. an output portion 2b and a pair of branch portions 3a and 3b converged to 
the input and output portions 2a and 2b. The branch portions 3a and 3b are. in the middle portions thereof, in 

45 parallel to each other. Also, the electrode system 4 is composed of a hot electrode 5 and a pair of ground elec- 
trode 6a and 6b. The branch portion 3a of the optical waveguide 1 extends under the hot electrode 5, and the 
other branch portion 3b of the optical waveguide 1 extends under a ground electrode 6a. The other ground 
electrode 6b are arranged on the opposite side of the hot electrode 5 with respect to the ground electrode 6a. 
as indicated in Fig. 21. 

50 In Fig. 21 . the width W, of the branch portion 3a of the optical waveguide 1 is larger than the width W2 of 

the other branch portion 3b. 

Referring to Fig. 22, on a substrate 7 consisting essentially of, for example, LiNbOs single crystal, a di- 
electric layer 8 is formed from, for example, Si02, and a semiconductor layer 9 is formed from, for example. 
Si. on the dielectric layer 8. and an electrode system 4 composed of a hot electrode 5 and a pair of ground 
55 electrodes 6a and 6b is arranged on th semiconductor layer 9. The electrodes 5, 6a and 6b have a thickness 
of, for example, about 10 \im and are made from gold (Au), 

In the surface portion of the optical waveguide device, for example, a - Z surface of a LiNbOs substrate, 
an increase in temperature causes a pyroelectric effect to be generated and thus a positive electric charge is 
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generated on the device surfac . When a thin semiconductor layer is arranged under the electrode system, 
the positive electric charge is substantially evenly dispersed due to the effect of the semiconductor layer. How- 
ever, since the materials constituting the device are dielectric, the positive electric charge Is maintained on 
the surface without disappearing instantaneously. Accordingly, the amount of the positive I ctric charge ac- 
5 cumulated on the device surface increases with an increase in the op rating temperature of the devic . 

When the positive electric charge is accumulated, an electric field due to a pyroelectric effect is generated 
in addition to the electric field applied between the hot electrode 5 and the ground electrodes 6a and 6b, as 
shown In Fig, 22. Accordingly, in an asymmetric Mach Zehnder type optical waveguide, phase changes and 
<t>2, of the optical waves being transmitted through the branch portions 3a and 3b of the optical waveguide 1 
10 as shown in Fig. 21, are represented by the equations (6) and (7), respectively. 

<l>i = (Pi + koAn,)L (6) 
*2 = (P2 + koAn2)L (7) 

wherein Pi and respectively represent an optical transmission constant of the branch portion 3a of the optical 
waveguide 1 facing the hot electrode 5 and the other branch portion 3b of the optical waveguide 1 facing the 
15 ground electrode 6a, L represents a length of the electrodes 5. 6a and 6b, and An, and An2 are respectively 
defined by the equations (8) and (9): 

Ani = Anh + Anp(T) (8). 
An2 = Ang - Anp(T) (9) 

wherein Anh and AHg respectively represent a change amount in refractive index of the optical waveguide 
20 branch portions 3a and 3b located below the hot electrode 5 and the ground electrode 6a, derived from the 
electric field applied to the electrodes, Anp(T) represents a change amount in refractive index of the optical 
waveguide branch portions 3a and 3b. due to the electric field generated by the pyroelectric effect at the op- 
erating temperature T. The directions of the electric fields generated below the hot electrode 5 and the ground 
electrode 6a are the same as each other. However, since the electric field direction on the ground electrode 
25 6a side is opposite to the direction of the electric field generated due to the operating (control) voltage appli- 
cation, as shown in Fig. 22, the Anp(T) in the equation (9) has a minus sign. 

In a Mach Zehnder type optical waveguide, an electric field (E) of the optical waves output from the wa- 
veguide is represented by the equation (10): 

E = EoCOs{(Pi - P2)L/2 + ML/2)[Anh - An^ + 2Anp(T)]} x exp{-j[pi + p2)L/2 + ko(L/2)(Anh + Ang]} 
30 (10) 

wherein Eo represents an electric field of the optical waves input into the waveguide and L represents the length 
of the electrodes. 

Therefore, the power P of the output optical waves is represented by equation (11). 

P = r2(T)-exp[-2js(T)] (11) 
35 wherein r(T) and s(T) are respectively defined by equations (12) and (13): 

r(T) = EoCOS{(Pi - P2)L/2 + ko(L/2)[Anh- Ang + Anp(T)]} (12) 
s(T) = [(P, + P2)L/2 + ko(L/2)(Anh + Ang) (13) 
The refractive index change Anh and Ang of the branch portions 3a and 3b of the optical waveguide 1 lo- 
cated below the hot electrode 5 and the ground electrode 6a due to the electro-optical effect thereof are va- 
40 riable depending on the operating temperature. However, this refractive index change is significantly small in 
comparison with that due to the pyroelectric effect. Therefore, the phase of the output optical waves repre- 
sented by equation (13) is substantially not influenced by the operating temperature. However, in view of equa- 
tion (12), it is clear that the intensity of the output optical waves varies periodically depending on the operating 
temperature in a cosine manner. Also, it is understood from equation (12), that by controlling the transmission 
45 constants Pi and P2, and the refractive indexes An^ and An2 of the optical waveguide branched portions 3a 
and 3b, the change in r(T) value can be made larger or smaller with respect to a change in the operating tem- 
perature (T) and therefore, with respect to a change in the refractive index Anp(T). 

In other words, by shifting the initial operating point to about a minimum point or maximum point of a cosine 
curve drawn as a function of the operating temperature-T^ the thermal drift depending on the operating tem- 
50 perature can be made small. 

As mentioned above, in the embodiment, the optical waveguide branched portion 3a has a width Wi larger 
than a width W2 of the other branch portion 3b. Also, preferably W, = 7 ^m and W2 = 6 j.im. 

The larger the waveguide width, the higher the optical confinement effect of the optical waves being trans- 
mitted through the waveguide, as indicated in Table 1 below. 
55 Therefore, the thermal drift can b reduced by adjusting th content of titanium in the optical waveguide 

branch portion 3a facing the hot electrode 5 to a level higher than that in the other branch portion 3b facing 
the ground electrode 6a. 

In an example, an optical waveguide having a branch portion facing a hot electrode and having a width of 
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7 ^n^l and another branch portion facing one of a pair of ground electrodes and having a width of 6 jim, was 
produced by th rmally diffusing titanium into a front surface portion of a Z cut LiNbOa substrate at a temper- 
ature of 980*C in an oxygen atmospher . The front surface of the substrate including the optical waveguide 
surface was coated with a die! ctric Si02 layer by a vacuum evaporation method and heat-treated at a tenv 
perature in an oxygen atmosphere. 

An optical waveguide device A was obtained. 

Another optical waveguide device B (comparative) was prepared by the same procedures as mentioned 
above, except that the optica! waveguide branched portion facing the hot electrode had a width of 6 |im and 
the other branched portion facing the ground electrode had a width of 7 \irr\. 

The particulars of the optical waveguide devices A and B were as shown in Table 1. 



Table 1 



Parameter 


Unit 


Optical waveguide device A 


Optical waveguide device B 


Hot electrode width (W) 


^m 


7 


7 


Distance (S) between hot 
and ground electrodes 


^im 


15 


15 


Length (L) of hot and ground 
electrodes 


mm 


40 


40 


Thickness (D) of substrate 


mm 


0.5 


0.5 


Thinckness (H) of dielectric 
layer 


|im 


1 


1 


Thickness (H') of semiconduc- 
tor layer 


^im 


0.1 


0.1 


Diameter (Wxa, Wza) of opti- 
cal field under hot electrode 


nm 


10.78,8.19 


11.32, 9.0 


Diameter (Wxb, Wzb) of opti- 
cal field under ground elec- 
trode 


l^m 


11.32, 9.0 


10.78,8.19 



The devices A and B were subjected to a measurement of the AC voltage drift in which change in peak 
point of the output optical wave intensity was measured at an optical wavelength of 1 .55 ^im under a AC voltage 
of 1 kHz, Vp-p = 20V, and at various operating temperatures. 

Fig, 23 shows the measurement result of the device A and Fig. 24 shows the measurement result of the 
device B. In a comparison of Fig. 23 to Fig. 24, it is clear that the change of the voltage drift of the device A 
with an increase in the operating temperature is smaller than that of the device B. 

This phenomenon can be explained as follows. 

In equation (12), the difference in the optical transmission constant (Pi - P2) between the branched portion 
facing the hot electrode and the other branched portion facing the ground electrode of the device A is positive 
(plus), whereas that of the device B is negative (minus). The difference (P, - P2) optical transmission constant 
between the branched portion having a width of 7 iim and the other branched portion having a width of 6 nm 
is in the order of 10-* \im-\ as shown in Fig. 25, and thus is from | p, - P2 1 L/2 to 1 .0. 

In equation (12), the term "ko(L/2)(Anh - An^) is always positive (plus) in either of the devices A and B. 

In view of the parameters shown in Table 1 , the applied electric field overlap integral rh - Tg is 5.7 1 x 1 0^m-"" 
for the device A and 5.48 x 1 0^m-^ for the device B. Namely, In equation (12), the difference in this itenri between 
the devices (A) and (B) is very small. The result of equation (12) for the device (A) is similar to that for the 
device (B). 

Due to the differences in the above-mentioned Items, especially, whether the deference (Pi - P2) is positive 
or negative, in the device A, the initial operating point (in Fig. 22, a point at a temperature of 0°C) is controlled 
within an initial downward sloping region from a maximum point of the cosine curve (equation (12)), in which 
the operating t mperature is a variable parameter Compared with this, in the device B, as shown in Fig. 24, 
the initial operating point is controlled within an initial upward sloping region having a positive high inclination. 
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Accordingly, the voltage drift of the device A du to raising of the operation temperature is smaller than that 
of the device B. 

In another embodiment of the optical waveguide device of the pr s nt invention, the optical wav guide 
has two branch portions thereof converged into an input portion and into an output portion thereof and extend- 

5 ing in parallel to each other, the electrode system comprises a hot electrode facing one of th branch portions 
of the optical waveguide through the dielectric layer and a pair of ground electrodes one of which faces the 
other branch portion of the optical waveguide through the dielectric layer, and regions of the dielectric layer 
surface located between the electrodes adjacent to each other are coated with electroconductlve layers in such 
a manner that at least one portion of each of the dielectric layer surface regions is not coated with the elec- 

10 troconductive layer, and the non-coated portion of each dielectric layer surface region extends along the ex- 
tending direction of the branch portions of the optical waveguide and expose to the outside of the device, 
whereby an electrical connection between the electrodes adjacent to each other through the electroconductive 
layer is at least partially interrupted. 

It is known in the conventional devices that as shown in Fig. 26-(a), in a front surface portion of a substrate 

15 11 made from a lithium niobate single crystal, an optical waveguide having a pair of branch portions 12a and 
12b are formed, and a dielectric layer 13 is formed on the substrate 11 and the waveguide 12a, 12b in the 
manner mentioned above. The dielectric layer is made from silicon dioxide. Further, on the dielectric layer 1 3, 
an electroconductive (or semiconductive) layer 14 is formed from, for example, silicon (Si). 

The optical waveguide branched portion 12a faces a hot (signal) electrode 15a via the dielectric layer 13 

20 and the electroconductive layer 14, the other optical waveguide branch portion 12b faces a ground electrode 
15b via the dielectric layer 13 and the electroconductive layer 14, and another electrode 15c is arranged on 
the electroconductive layer 14, on the opposite side of the hot electrode 15a to the ground electrode 15b and 
apart from the hot electrode 15a. Those electrodes are generally formed from gold. 

Between each of the electrodes 15a. 15b and 15c and the electroconductive layer 14, a thin intermediate 

25 layer comprising titanium may be inserted to reinforce the bonding strength between the electrodes and the 
electroconductive layer. 

Generally, the electroconductive silicon layer can be easily formed by conventional sputtering and CVD 
methods, and exhibits a high adhesive strength to the dielectric silicon dioxide layer and a high chemical sta- 
bility. 

30 The another conventional optical waveguide device shown in Fig. 26-(b) has a similar constitution to that 
in Fig. 26-(a), except that, the electrodes 15a, 15b, and 15c are formed directly on the dielectric layer 13, and 
the surface portions of the dielectric layer 13 located between the electrodes 15a, 15b and 15c are coated by 
the electroconductive layers 14a and 14b. 

In the optical waveguide devices of Figs. 26-(ay and 26-(b), the electroconductive layers 14, 14a and 14b 

35 effectively and evenly disperse the electric charge generated due to the pyroelectric effect of the substrate 
1 1 , to prevent the generation of local electric fields and thus to prevent the operating voltage drift of the device 
due to the temperature changes. 

Fig. 27 shows a plane view of the devices of Figs. 26-(a) and 26-(b). In Fig. 27, the electrodes 15a, 15b, 
and 15c are connected to a signal inputting means (not indicated in Fig. 27) and the branched portions 12a 

40 and 12b of the optical waveguide are converged into an input portion 12c and into an output portion 12d, and 
the input and output portions 12c and 12d are connected to an optical wave Inputting means and outputing 
means (not shown in Fig. 27), respectively. 

The dependency of the thermal drift of the optical waveguide device can be reduced by the arrangement 
of the electroconductive layer or layers, and the resultant device is practically usable. However, if the device 

45 is operated under high temperature and/or high humidity circumstances, sometimes the electroconductive lay- 
er reacts with the electrodes to produce a certain reaction product, and the reaction product causes the elec- 
trodes adjacent to each other to short circuit with each other. Namely, the reaction product causes the electrical 
resistance between the adjacent electrodes to be reduced from the order of kH or MO to the order of hundreds 
of a 

50 This phenomenon will be further explained with respect to an optical waveguide device having an elec- 
troconductive layer consisting of silicon and electrodes consisting of gold. 

When the optical waveguide device having the electroconductive silicon layer and the gold electrodes is 
operated by applying a DC bias voltage in a high humidity atmosphere, the gold and silicon electrochemically 
react with each other with the aid of water to produce a reaction product between the adjacent electrodes. Fig. 

55 28 shows a relationship between operating time of two optical waveguide modulators packed and sealed in a 
case with no leak, at a temperature of 80°C at a relative humidity (RH) of 95%, and an electrical resistance 
between a hot electrode and a ground electrode under a continuous DC bias voltage of 5V. These modulators 
will be referred to as completely sealed devices. Fig. 28 also shows a relationship between op rating time and 
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electrical resistance measured under the same conduction as mentioned above, except that the optical wa- 
veguide modulator Is pack d in the case with a slight leak. This modulator will be referred to as an incompletely 
sealed device. In th completely (normal) and incompi tely (abnormal) selected devices, the electrooonductive 
silicon lay r had a thickness of about 100 nm, and the electrodes had a length of 40 mm. The electrical resis- 

5 tance was measured at stages of zero, 100 hours and 200 hours after the start of the operation under humid 
conditions mentioned above, at a temperature of 25**C, at a relative humidity (RH) of 40%. 

Fig. 28 shows that when the optical waveguide device is exposed to a high temperature high humidity at- 
mosphere, the electric resistance between the electrodes is significantly reduces. 

Fig. 29 shows a relationship between the operating time of the completely sealed devices and the inconv 

10 pletely sealed device under the same conditions as mentioned above and optical band-width. Fig. 29 clearly 
shows that the optical band-width of the incompletely sealed device, which was exposed to a high temperature 
high humidity atmosphere, significantly reduced with the operating time. 

Namely, if an optical waveguide device is incompletely sealed in a case or a leak in the case occurs for 
some reason, the performance of the device rapidly deteriorates with operating time; and thus the device ap- 

15 pears to have a reduced reliability. 

With respect to the incompletely sealed device having a reduced electrical resistance between the elec- 
trodes, it was found that on a surface of the electrooonductive silicon layer formed in a width of few tens of 
Jim between the electrodes, a foreign substance grew in a tree branch form. In the completely sealed device, 
no growth of a foreign substance was found. 

20 Fig. 30 shows results of an Auger electron spectrometry of the surface of the foreign substance grown 

between the electrodes and the gold electrode surfaces itself of the incompletely sealed device. 

In Fig. 30, on the gold electrode surface, only carbon was found as a surface-contaminating substance, 
whereas on the foreign substance surface between the electrodes, oxygen and silicon were found, in addition 
to carbon, as surface-contaminating substances. The deposited foreign substance was amorphous and was 

25 difficult to identify. Nevertheless, it is assumed that the deposited foreign substance includes electrochemi- 
cally produced AuSi, and/or oxides and hydrates thereof. Usually, the optical waveguide device is expected to 
be employed over a long period of, for example, 20 years or more. Therefore, it is important to completely pre- 
vent the production of the foreign substance between the electrodes and the deterioration of the device per- 
formance during the employment of the device over a long period. 

30 The short-circuit between the electrodes can be prevented by incompletely coating regions of the dielectric 

layer surface located between the electrodes adjacent to each other with electrooonductive layers in such a 
manner that at least one portion of each of the dielectric layer surface regions is not coated with the electro- 
conductive layer, and the non-coated portion of each dielectric layer surface region extends along the extended 
(longitudinal) direction of the branched portions of the optical waveguide and is exposed to the outside" of the 

35 device, whereby an electrical connection between a pair of the electrodes adjacent to each other through the 
electrooonductive layer is at least partially interrupted. 

The electrooonductive layers may be formed between each electrode and the dielectric layer. Alternatively, 
the electrodes may be arranged directly on the dielectric layer, and the electrooonductive layers are formed 
only between the electrodes. 

40 The electrooonductive layer preferably comprises silicon and the electrodes comprise gold. 

In an example of the above-mentioned device, each dielectric layer surface region has one non-coated 
portion formed between the electrooonductive layer formed on the dielectric layer surface region and one of 
the electrodes adjacent to the electroconductive layer. 

In another example of the above-mentioned device, each dielectric layer surface region has two non-coat- 

45 ed portions formed between the electroconductive layer located on each dielectric layer surface region and 
two electrodes adjacent to the electroconductive layer. 

In still another example of the device, at least one non-coated portion is located within each dielectric layer 
surface region. 

In the optical waveguide device shown in Figs. 31-(a) and 31-(b), on a front surface of a substrate 11 in- 
50 eluding the surface of an optical waveguide having a pair of branched portion 12a, 12b, a dielectric layer 13 
is formed, electrodes 15a, 15b and 15c are formed directly on the dielectric layer 13, and electroconductive 
layers 14a and 14b are formed on the dielectric layer 13 and between the electrodes. 

A hot (signal) electrode 15a faces the branched portion 12a of the optical waveguide, and a ground elec- 
trode 15b faces the other branched portion 12b of the opticaLwaveguide, Another ground electrode 15c is ar- 
55 ranged on the dielectric layer 13, on an opposite side of the hot electrode 15a from the ground electrode 15b. 
These electrodes are connected to a signal inputting means (not shown in Figs. 31-(a) and 31 -(b)). By applying 
a signal voltage between th electrodes, the optical waves being transmitted through the optical waveguide 
can be modulated. Referring to Figs. 31 -(a) and 31 -(b), a non-coated portion 16a is formed between the elec- 
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troconductive layer 14a connected to the hot electrode 15a and the ground electrode 15b. Also, another non- 
coated portion 16b is formed between the electroconductive layer 14b connected to the ground electrode 15c 
and the hot electrode 15a. The non-coated portions 16a, 16b of the dielectric layer 13 are exposed to the out- 
side of the device. Accordingly, even if the electrodes and the electroconductive layers are brought Into contact 

5 with moisture at a high temperature and an electrochemical reaction product is grown, between the electrodes 
and on the electroconductive layer adjacent to the electrode, the reaction product does not cause the electro- 
des to be shorted-circuit to each other. 

The optical waveguide device shown in Fig. 32 has the same constitution as in Figs. 31-(a) and 31-(b), 
except that a non-coated portion 16c of the dielectric layer surface is located between the electroconductive 

10 layer 14b and the ground electrode 15c. Accordingly, the electroconductive layer 14b is connected to the hot 
electrode 15a but not to the ground electrode 15c. 

The non-coated portion 16c prevent the short-circuit between the hot electrode 15a and the ground elec- 
trode 15c. 

The optical waveguide device shown in Fig. 33 has the same constitution as in Figs. 31 -(a) and 31 -(b). 
15 except that non-coated portions 16a and 16b of the dielectric layer surface are located between the hot elec- 
trode 15a and the electroconductive layer 14a and between the hot electrode 15a and the electroconductive 
layer 14b. Accordingly, the hot electrode 15a is not connected to both the electroconductive layers 14a and 
14b and thus does not short-circuit with both the ground electrodes 15b and 15c. 

The optical waveguide device shown in Fig. 34 has the same constitution as in Fig. 32. except that the 
20 electroconductive layers 14a and 14b are formed together into a rectangular form on both longitudinal sides 
of the hot electrode 15a, and thus the dielectric layer 13 is further exposed to the outside In portions 13a and 
13b on both transversal sides of the ground electrode 15b, between the hot electrode 15b, between the hot 
electrode 15a and the ground electrodes 15b and 15c. 

The optical waveguide device shown in Fig. 35 has the same constitution as in Figs. 31-(a) and 31-(b) 
25 except that a non-coated portion 16e of the dielectric layer surface extends along the center line of the elec- 
troconductive layer 14a so as to separate the electroconductive layer 14 into two parts, and a noncoated por- 
tion 16f of the dielectric layer extends along the center line of the electroconductive layer 14b so as to separate 
the electroconductive layer 14a into two parts. 

Accordingly, the electrical connections of the hot electrode 15a to both the ground electrodes 15b and 15c 
30 are interrupted. 

The optical waveguide device shown in Figs. 36-(a) and 36-(b) has the same constitution as in Figs. 31- 
(a) and 31-(b) except that a surface region 13c of the dielectric layer 13 is partially coated with an electrocon- 
ductive layer 14a in a rectangular form extending along the longitudinal direction A of the optical waveguide 
branch portions 12a and 12b so as to form non-coated portions 16a and 16d located on both longitudinal sides 

35 of the rectangular electroconductive layer 14a, and a surface region 13d of the dielectric layer 13 is partially 
coated with an electroconductive layer 14b in a rectangular form extending along the longitudinal direction A 
of the optical waveguide branch portions 12a and 12b so as to form non-coated portions 16b and 16c located 
on both longitudinal sides of the rectangular electroconductive layer 14b. 

Namely, all the electrodes 15a, 15b and 15c do not directly contact the electroconductive layers 14a and 

40 14b. In other words, the electroconductive layers 14a and 14b are spaced and isolated from all the electrodes 
15a, 15b and 15c. 

The optical waveguide device shown in Fig. 37 has the same constitution as in Figs. 36-(a) and 36-{b), 
except that the total area of the non-coated portions of the dielectric layer surface of Fig. 37 is smaller than 
that of Figs 36-(a) and 36-(b). In this case, the electric charge generated in thedielectric layers under the elec- 
ts troconductive layers can be removed by grounding the end portions of the electroconductive layers located 
in the edge portions of the device, even when the electrodes are not connected to the electroconductive layers, 
and prevent the floating of the charge; so as to enhance the restriction effect for the generation of thermal 
drift due to a change in the operating temperature. 

The optical waveguide device shown in Fig. 38 has the same constitution as in Fig. 35 except that the 
50 noncoated portion 16e* and 16f* of the dielectric layer extends in a straight line as shown in Fig. 38, so as to 
separate the longitudinally extending portion of each of the electroconductive layer 14a.and 14b into two por- 
tions thereof, which are separated from each other. In this case, the longitudinally extending portions of the 
electrode 15a, 15b, and 15c are prevented from directly short-circuit to each other. Also, the device of Fig. 38 
has a relatively small area of the non-coated surface regions of the dielectric layer and thus exhibits an en- 
55 hanced thermal drift-restricting effect. 

The optical waveguide device shown in Fig. 39 has the same constitution as in Fig. 34, except that a non- 
coated portion 16c' of the dielectric layer surface extends in a straight line form between the electroconductive 
layer 14b and the ground electrode 15c and along the longitudinal direction A of the optical waveguide. Due 
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to the above-mentioned cx)nstitution, the dir ct short-circuit between the portions of the iectrodes 15a and 
15b extending In parallel to the longitudinal dir ction A of the optical waveguide branched portions 12a and 
12b, by the growth of the electrochemical reaction product, can be effectively prevented. 

Also, the device of Fig. 39 has a smaller total area of the non-coated portions of the dielectric layer surface 

5 regions than that in Fig. 34 and thus exhibits an enhanced ffect for preventing the thermal drift generated 
due to the change of the operating temperature. 

In the devices as mentioned above, the direct short-circuit between the electrodes due to the elect rochenv 
ical reaction product of the electrode-forming material, for example, gold, with the electroconductive layer- 
forming material, for example, silicon can be prevented by the provision of the non-coated portions of the di- 

10 electric layer surface regions. However, the optical waveguide device should be packed and completely sealed 
in a case to prevent the production of the electrochemical reaction product. 

In another embodiment of the optical waveguide device of the present invention, the substrate and the 
optical waveguide formed in the surface portion of the substrate are curve-deformed together with the dielec- 
tric layer in an arc form curving around a curvature center located on a straight line perpendicular to the sub- 

15 strate surface due to an internal stress effect generated in the dielectric layer, whereby a distortion is generated 
in the optical waveguide and renders the refractive index of the optical waveguide to be slightly-changed, and 
the slight change in refractive index of the optical waveguide renders together with a photoelastic effect of the 
optical waveguide to control the phase of the optical waves being transmitted through the optical waveguide 
to a desired phase. 

20 In this embodiment, the dielectric layer is preferably formed by a physical vapor deposition method in a 

gas atmosphere, and the strength of the internal stress generated in the dielectric layer is controlled by con- 
trolling the pressure of the gas atmosphere. 

Also, the strength of the internal stress In the dielectric layer is preferably controlled by adjusting the thick- 
ness of the dielectric layer. 

25 Further, it is preferable that an additional dielectric layer is formed on a back surface of the substrate, and 

the degree of curl-deformation of the substrate is controlled by controlling the balance between the internal 
stress generated in the front dielectric layer and the internal stress generated in the back dielectric layer. 

Still further, the phase of optical waves transmitting through the optical waveguide is preferably adjusted 
by controlling the degree of the curl-deformation of the substrate. 

30 In the above-mentioned embodiment, the operating point of the device can be controlled by curve- 

deforming the substrate, the optica! waveguide and the dielectric layers altogether, without applying a specific 
DC controlling electric field. This embodiment of the optical waveguide device of the present invention is ad- 
vantageous in that the change in operating point due to a DC drift can be prevented and since no DC control 
electric field is employed, the control of the operating point of the device, for example an electric field senser, 

35 can be easily effected. 

The embodiment of the optical waveguide device of the present invention can be produced by the following 
method. 

An optical waveguide comprising a ferroelectric material, for instance, LiNbOa, having at least a photoe- 
lastic effect is formed in the front surface portion of a substrate, and a dielectric material different from the 

40 optical waveguide-forming material is deposited on at least one surface of the substrate to form a dielectric 
layer having an internal stress and the laminate of the substrate including the optical waveguide and the di- 
electric layer is allowed to be curve-deformed in an arc form curving around a curvature center located on a 
straight line perpendicular to the substrate surface, by utilizing the effect of the internal stress generated in 
the dielectric layer. The curve-deformation of the optical waveguide causes a strain to be generated therein. 

45 This strain renders the refractive index of the optical waveguide to be slightly changed. By controlling the de- 
gree of the curve-deformation, the phase of the optical waves being transmitted through the optical waveguide 
can be controlled to a desired phase, without applying the DC control electric field. 

The curve-deformation can be controlled by controlling the strength of the internal stress generated in 
the dielectric layer. 

50 In the process shown in Fig. 40, for producing a curve-deformed optical waveguide device, in step (A), an 

optical waveguide 22 is formed in a front surface portion of a Z cut LiNbOa substrate 21 having a diameter of 
76.2 mm in the direction X, and a thickness of 0.5 mm in the direction Z by thermally diffusing titanium in a 
desired fonm and dimensions,- and in step (B). as dielectric layer 23 is formed on the substrate surface including 
the optical waveguide surface by depositing Si02 by a non-equilibrium film-forming method, for example, a 

55 vacuum evaporation deposition method or sputtering method. Then an electrode system (not shown in Fig. 
40 is formed on the surface of the diel ctric layer 23 into a desired form and dimensions by, for example, a 
gold plating method. The resultant waf r is cut to form a desired optical element chip having a thickness of 
about 0.5 mm, a width of 0.8 mm and a length of 60 mm. 
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In the step (B), the resultant laminate is curve-deformed as shown in Fig. 40, due to the internal stress 
generated in the dielectric layer 23. 

In Fig. 40, "A" represents a central plane of the substrate 21. 

The curve-deformation of the laminate causes a strain tensor S( to be generated in the waveguide 22 in 
parallel to the axis direction of the wav guide 22, namely X direction. 

In Fig. 40, Aa represents a center point of the center plan A of the substrate, Ab and Ac respectively rep- 
resent end points of the central plane A, B represents a straight line connecting the end point Ab to the end 
point Ac, W represents an deflection of curve-deformation of the substrate 21 and L represents a length of 
the optical waveguide 22. 

Referring to Fig. 41, the strain tensor S| is defined by the following equations: 

Si = Z'de/Rde = ZVR 
R = L2/8W 

wherein R represents a radius of curvature of the curve-deformed substrate 21 in an arc form, namely a dis- 
tance between a center C of curvature to the central plane A of the substrate 21, 2' represents a distance be- 
tween the central plane A of the substrate 21 and the front surface of the optical waveguide 22 which is the 
same as the front surface of the substrate 21 , for example, about 0,25 mm, L represents a length of the optical 
waveguide 22, for example, 60 mm, W represents an amount of curve-deformation of the substrate 21 , namely 
a distance between a center point Aa of the central plane A of the substrate 21 and a straight line B drawn 
from an end point Ab of the central plane A of the substrate 21 to an opposite end point Ac thereof, and d0 
represents an angle of a certain small portion of the arc-deformed laminate. 

Referring to Fig. 41, Rd6 represents a length of a certain small portion of the arc-deformed central plane 
of the substrate 21 corresponding the small angle d9, (R + Z*)dG represents a length of a small portion of the 
arc-deformed optical waveguide front surface C substrate front surface corresponding to the small angle d9 
and Z'dG is a difference between (R + Z')d9 and Rd9. 

Provided that the physical properties of the optical waveguide consisting of titanium-diffused LiNbOs is 
approximately similar to those of LiNbOa, a small change Ane in refractive index of the optical waveguide for 
extraordinary waves, generated due the strain tensor Sj can be defined by the following equation: 

Ane = -(1/2)ne3P3iS, 

wherein ne represents a refractive index of the optical waveguide for extraordinary waves and is, for example, 
2.14, and P31 represents a piezooptic constant of the optical waveguide, and is, for example, 0.178. 

Where X' represents a length of the optical waveguide (X' = L = 60 mm), and X represents a wavelength 
of optical waves transmitting through the optical waveguide (X = 1.55 fim), and provided that the refractive 
index of the optical waveguide for the optical waves being transmitted therethrough changes slightly (Ane < 
0), it results in a phase retardation A<|) of the optical waves output from the optical waveguide. The phase re- 
tardation A(|> is defined by the following equation: 

A<t> = (27t/X)AneX\ 

Namely, an adjustment of the operating point of an optical waveguide device can be effected by controlling 
the strain tensor Si of the optical waveguide. The adjustment of the strain tensor S| can be effected by con- 
trolling the amount W of the curve-deformation of the optical waveguide. 

In an example of the present invention, a Si02 dielectric layer was formed on a LiNbOa wafer including an 
optical waveguide by a sputtering method, to prepare a sample. The thickness of the dielectric layer was set 
to 0.45 |im, 1 .20 urn or 1 .75 i^m. 

The radius R of curvature and the strain tensor Si of the sample were calculated from the amount W of 
curve-deformation of the sample. Also the change in refractive index of the optical waveguide and the phase 
retardation of optical waves being transmitted through the optical waveguide were measured. The curve- 
deformation amount W was measured by a stylus method and the length L of the optical waveguide was '60 
mm. The results are shown in Table 2. 
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Table 2 



5 



Thickness of 
dielective layer 


Curve-deformation 
amount (W) 


Radius (R) of 
curvature 


Distortion 
tensor (S|) 


Change In 
r f ractive Index 
(AnJ 


Phase 
Metardation 


(Mm) 


(mm) 


(x 103) 


(x 10-5) 


(x 10-5) 


m 


0.45 


0.040 


11 


2.3 


-2.0 




1.20 


0.084 


5.4 


4.6 


-4.0 


z.u 


1.75 


0.100 


4.5 


5.6 


-4.9 


3.871 



In Fig. 42, a modulated optical waves output from the curve-deformed optical waveguide of the sample in 
,5 which the thickness of the dielectric SIO2 layer was 0.45 ^m, the phase retardation was 1.5n, Is shown by 
a solid line. Also, In Fig. 42, an Ideal modulated optical wave Is indicated by a broken line. 

The solid line of Fig. 42 clearly shows that when the operating point is shifted, a portion of the optical waves 
modulation in which portion the Intensity of the optical waves easily changes, comes to a position of an external 
voltage of zero, and therefore, the optical waves being transmitted through the optical waveguide can be modu- 
20 lated by applying an AC voltage, without applying a DC voltage. 

Accordingly, by previously establishing a relationship between the thickness of the dielectric layer and the 
curve-deformation amount of the substrate and a relationship between the parameters (for example, atmos- 
pheric temperature and pressure) of the dielectric layer-forming process and the curve-deformation amount 
of the substrate, an optical waveguide device having a desired phase retardation can be obtained and also, 
25 the operating point of the device can be controlled to a desired position. 

Fig. 43 shows examples of controlling internal stress of the film as a relationship between gas pressure 
for fonning a layer of SIO2 or a-Ge by a sputtering method, and strength of internal stress generated in the 
resultant layer. In Fig. 43, a positive internal stress shows that a tensile stress Is generated in the layer and a 
negative internal stress indicates that a compressive stress is generated in the layer. 
30 Fig. 44 shows a dependency in DC drift of a device on DC voltage applied to the device. A DC bias voltage 

was applied at a level of +5V, +2V, +1 V, or -5V to the optical waveguide device. 

In the desirably curve-deformed optical waveguide device of the present invention, no DC voltage was to 
be applied. 

When the curve-deformed optical waveguide device was employed, substantially no drift phenomenon 
35 was formed. The DC voltage drift measurement was carried out under accelerating conditions at a temperature 
of 70*'C. 

Fig. 44 is a graph showing a dependency in DC drift of various optical waveguide devices on DC voltage 
applied to the devices at a temperature of 70°C. 

In a first example of the curve- defomned optical waveguide device of the present invention, four Mach 
40 Zehnder type optical wave-Intensity modulators each having a LiNbOs substrate with a length of 60 mm and 
a width of 0.5 mm, a dielectric Si02 layer with a thickness of 0.45 ^m, and Au electrodes having a thickness 
of 10 lim, were produced. 

In each device, an optical waveguide was formed by the above-mentioned Ti-d if fusion method, and the 
dielectric Si02 layer was formed by an rf magnetron sputtering method using a Si02 target with a rf power of 
45 500W, under a pressure of 0.20Pa of a Ar/02 mixed gas, without heating the substrate. After the sputtering 
procedure was completed, the resultant dielectric layer was heat treated at a temperature of 600°C in an oxy- 
gen gas atmosphere. 

In the resultant device, the expected phase retardation was 1.57c in view of Table 2. 

The resultant two devices (a) each having a modulating electrode length of 20 mm exhibited phase retar- 
50 dations of 1.3n and I.Iti. 

The resultant two devices (b) each having a modulating electrode length of 40 mm exhibited phase lags 
of 1 .37C and 1 An. These practical phase retardation are very close to the expected phase retardation. Namely, 
the operating point could be modulated as desired. 

In a second example, four modulators were produced in the same manner as In the first example, except 
55 that the thickness of the dielectric Si02 layer was changed to 1 .20 ^tm. The phase retardations of the modulators 
were 0.72ji, 0.7 Iti, 0.92n and I.471. The expected phase retardations from Table 2 was 3.^K - 2n= ^.^n. The 
resultant phase retardations were close to the expected value. 

To bring the resultant phase retardation value close to the expected value. It is preferable to estimate the 
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relationship among the curve-defornnation amount of the substrate, the strain tensor amount of the optical wa- 
veguide, the dielectric layer thickness and the electrode thickness and to provide a data base containing those 
data. 

Generally, the strain t nsor amount can be controlled by controlling the die! ctric layer-forming conditions. 
5 for example, an atmosphere pressur for the sputtering method. The internal stress of the dielectric layer can 
be controlled by controlling the gas pressure for the sputtering method. 

Fig. 43 shows a relationship between sputtering gas pressure and internal stress generated in a resultant 
layer consisting of Si02 or a-Ge. 

In a third example, a laminate was prepared as a model of a curve-deformed optical waveguide device for 
10 the purpose of easy measurement of the internal stress, by forming a dielectric layer with a thickness of 1 |im 
on a substrate consisting of a {100} Si wafer. When a Si02 dielectric layer was formed, the sputtering gas con- 
sisted of an Ar/02 mixed gas, and the rf power was 750W. For the formation of a a-Ge dielectric layer, the sput- 
tering gas consisted of argon and the rf power was 250W. 

When a compressive stress is generated, the resultant laminate is curve-deformed outwardly. When a ten- 
15 sile stress is generated, the resultant laminate is curve-deformed inwardly. The internal stress generated in 
the (dielectric) layer caused the (dielectric) layer and the substrate to be curve-deformed. When the deforma- 
tion is simple, the amount of the deformation is proportional to the elasticity parameter thereof. 

Fig. 43 shows that the strain introduced into the substrate can be continuously controlled by changing the 
type of the (dielectric) layer-forming material and the sputtering gas pressure. 
20 In the following fourth example, it will be illustrated that the distortion amount of the substrate can be con- 

trolled by attaching front and back layers on the front and back surfaces of the substrate. However, in this 
method, since two stresses are applied to the two surfaces of the substrate, the calculation of the strain amount 
is difficult. To obtain an accurate design value, it is necessary to accumulate various data and establish a data 
base. 

25 On a front surface or both front and back surfaces of a LiNbOa substrate having a thickness of 0.5 mm 

were coated with a Si02 layer or layers, and the amount of curve-deformation of the substrate was measured. 
The deformation amount was measured at around a center point within a range of 60 mm length along the di- 
ameter of the substrate, by a stylus method. 
The results are indicated in Table 3, 

30 

Table 3 
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Coated surface or 
surfaces 


Coating layer-forming 
method 


Thickness of coating 
layer (|im) 


Amount of curve-deformation 
(^im) 


Front surface 


Ar Ion-assist vapor de- 
position method 


1.3 


32 


Both front and back 
surfaces 


1.3/1.3 


8 


Front surface 


1.6 


63 


Both front and back 
surfaces 


Ar ion-assist vapor de- 
position and sputter- 
ing method 


1.6/1.6 


13 



^5 As mentioned above, in an optical waveguide device made from materials exhibiting at least a photoelastic 

property, the control of the operating point can be effected by utilizing the "curve-deformation of the device 
derived from an internal stress generated in the device, without using electrical means. Also, the utilization of 
the curve-deformation effectively reduces the DC voltage drift of the device generated by using electric means 
and enables the operating point control of the device, for example, an electric field sensor, to be possible, 

50 

Claims 

1. An optical waveguide device comprising 
5^ a substrate comprising lithium niobate; 

an optical waveguide formed in a front surface portion of the substrate; 

a dielectric layer formed on the front surface of the substrate and covering the surface of the optical 

25 



EP 0 652 457 A1 



waveguid ; and 

an electrode system comprising a plurality of lectrodes arranged on the dielectric layer, 
said dielectric layer comprising a matrix component consisting of an amorphous silicon dioxide and 
a doping element component comprising at least one member selected from the group consisting of lithium 
and niobium, and having a refractive index low r than that of the amorphous silicon dioxide matrix free 
from the doping element component. 

2. The optical waveguide device as claimed in claim 1, wherein the doping element component contained 
in the dielectric layer Is In a total amount of 10^^ atoms/cm^ or more but not more than 1 0^ atoms/cm^. 

3. The optical waveguide device as claimed in claim 1 or 2 wherein the dielectric layer has a refractive index 
of 1.44 or less with respect to an optical wave having a wavelength of 0.633 m-^. while the amorphous 
silicon dioxide matrix free from the doping element component has a refractive index of 1 .457 with respect 
to the same optical wave as mentioned above. 

4. The optical waveguide device as claimed in any preceding claim wherein the dielectric layer further con- 
tains a hydrogenated compound or ion. 

5. The optical waveguide device as claimed in claim 4, wherein the hydrogenated compound or ion contained 
in the dielectric layer is in a total amount of atoms/cm^ or more, in terms of hydrogen atoms. 

6. The optical waveguide device as claimed in any preceding claim wherein at least one member of the dop- 
ing element component contained in the dielectric layer is one diffused from the lithium niobate substrate 
into the dielectric layer. 

7. The optical waveguide device as claimed in any preceding claim wherein the optical waveguide is one 
prepared by thermal-diffusing titanium into the surface portion of the lithium niobate substrate in a dry 
gas atmosphere. 

8. The optical waveguide device as claimed in any preceding claim wherein the dielectric layer is one heat 
treated in a dry gas atmosphere. 

9. The optical waveguide device as claimed in claim 7 or 8, wherein the dry gas atmosphere contains oxygen. 

10. The optical waveguide device as claimed in any preceding claim exhibiting a drift of direct current bias 
voltage of the device controlled to such an extent that when optical waves are input into the device, while 
maintaining the temperature of the device at a level equal to or higher than room temperature and con- 
tinuously applying a direct current bias voltage to the electrode system, and a change In the operating 
point of the optical waves output from the device with time is monitored, the ratio A of a saturated drift 
voltage VC to the applied direct current bias voltage VB is less than 1. 

11. The optical waveguide device as claimed in claim 10, wherein the ratio A is 0.5 or less. 

12. The optical waveguide device as claimed in any preceding claim wherein the optical wayeguide has two 
branch portions thereof converged into an input and into an output portion thereof and extending in parallel 
to each other, the electrode system comprises a hot electrode and a pair of ground electrodes arranged 
on both sides of the hot electrode and spaced from the hot electrode, one of the branch portions of the 
optical waveguide faces the hot electrode through the dielectric layer, the other branch portion of the opt- 
ical waveguide faces one of the ground electrodes through the dielectric layer, and the branch portion of 
the optical waveguide facing the hot electrode has a width larger than that of the other branch portion of 
the optical waveguide facing one of the ground electrodes. 

13. The optical waveguide device as claimed in claim 1 2, wherein the branch portion of the optical waveguide 
facing the hot electrode has a width of about 7 f.im, and the other branch portion of the optical waveguide 
facing one of the ground electrodes has a width of about 6 ^im. 

14. The optical waveguide device as claimed in any of claims 1-11 wherein the optical waveguide has two 
branch portions thereof converged into an input portion and into an output portion thereof and extending 
in parall I to each other, the electrode system comprises a hot electrode facing one of the branch portions 
of the optical waveguide through the dielectric layer and a pair of ground electrodes one of which faces 
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the other branch portion of the optical waveguide through the dielectric layer, and regions of the dielectric 
layer surface located between the electrodes adjacent to each other are coated with electroconductive 
layers in such a manner that at least one portion of each of the dielectric layer surface regions Is not coated 
with the electroconductiv layer, and the non-coated portion of each dielectric layer surface region ex- 
tends along the extended direction of the branch portions of the optical waveguide and is exposed to the 
outside of the device, whereby an electrical connection between the electrodes adjacent to each other 
through the electroconductive layer is at least partially interrupted. 

15. The optical waveguide device as claimed in claim 14. wherein an electroconductive layer is formed be- 
tween the dielectric layer and each electrode. 

1 6. The optical waveguide device as claimed in claim 1 4 or 1 5, wherein the electroconductive layer comprises 
silicon and the electrodes comprise gold. 

17. The optical waveguide device as claimed in claim 14, wherein in each dielectric layer surface region, one 
non-coated portion is formed between the electroconductive layer formed on the dielectric layer surface 
region and one of the electrodes adjacent to the electroconductive layer. 

18. The optical waveguide device as claimed in claim 14, wherein in each dielectric layer surface region, two 
non-coated portions are formed between the electroconductive layer located on each dielectric layer sur- 
face region and two electrodes adjacent to the electroconductive layer. 

19. The optical waveguide device as claimed in claim 14, wherein at least one non-coated portion is located 
within each dielectric layer surface region. 

20. The optical waveguide device as claimed in any preceding claim wherein the substrate and the optical 
waveguide formed in the surface portion of the substrate are curve-deformed together with the dielectric 
layer in an arc form curving around a curvature center located on a straight line perpendicular to the sub- 
strate surface due to an internal stress effect generated in the dielectric layer, whereby a strain is gen- 
erated in the optical waveguide and renders the refraction index of the optical waveguide to be slightly 
c: anged, and the slight change in refractive index of the optical waveguide renders, together with a pho- 
toelastic effect of the optical waveguide, the phase retardation of the optical waves being transmitted 
through the optical waveguide to be controlled to a desired one 

21. The optical waveguide device as claimed in claim 20, wherein the dielectric layer Is fonmed by a physical 
vapor deposition method in a gas atmosphere, and the strength of the internal stress generated in the 
dielectric layer is controlled by controlling the pressure of the gas atmosphere. 

22. The optical waveguide device as claimed in claim 20, wherein the strength of the internal stress in the 
dielectric layer is controlled by adjusting the thickness of the dielectric layer. 

23. The optical waveguide device as claimed in claim 20, wherein an additional dielectric layer is formed on 
a back surface of the substrate, and the degree of curl-deformation of the substrate is controlled by con- 
trolling the balance between the internal stress generated in the front dielectric layer and the internal 
stress generated in the back dielectric layer. 

24. The optical waveguide device as claimed in claim 20, wherein the phase retardation of optical waves being 
transmitted through the optical.waveguide is adjusted by controlling the degree of the curl-deformation 
of the substrate. 
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Fig. 4 
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Fig. 10 
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Fig. 12 
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Fig. 14 
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Fig. 15 
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Fig. 16 
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Fig. 19 
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Fig. 22 
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Fig. 23 
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Fig. 25 




WIDTH OF OPTICAL WAVEGU I OE ( m) 



52 



EP 0 652 457 A1 




Fi g .26-(b) 



15b KQ 15a Kb 15c 




12a 



53 



EP 0 652 457 A1 




54 



EP 0 652 457 A1 



Fi g.28 



C! 

LU 
Q 
O 



LU 



UJ 



O 

CO 
LU 

o 
or 



UJ 



6.0001- 



5.000 - 



A.000 



3.000 - 



- 2.000 - 



1.000 - 



0.000 




0 



COMPLETELY SEALED DEVICES 
X 



INCOMPLETELY 
SEALED DEVICE 



100 

OPERATING TIME(hr) IN 80 t 
95X RH ATMOSPHERE 



200 



55 



BNS0OCI0:<EP 0652i57Al I > 



EP 0 652 457 A1 



Fi g.29 

COMPLETELY SEALED DEVICES 




INCOMPLETELY 
SEALED DEVICE 




100 200 



OPERATING TlMEChr) 

IN 80t .95X RH ATMOSPHERE 



56 



EP 0 652 457 A1 



O 

CO 

cn 




>- 

Qc: 

UJ 
UJ 

o 

uu 



(3P/NP^3)AilSN3iNI 1VliN3y3d3ia 



57 



EP 0 652 457 A1 



Fig. 31 -(a) 




Fig.31-(b) 



15b 16a 15arl6b 15c 
Ai4ap4-i\14b 




13 
-11 



58 



EP 0 652 457 A1 



Fig. 32 




59 



BNSOOCIO- -^FP 0fi5?457Ai I > 



EP 0 652 457 A1 




60 



EP 0 652 457 A1 



Fig. 34 




61 



EP 0 652 457 A1 



F i g . 35 

1 1 




EP 0 652 457 A1 



Fig.36-(a) 




Fig.36-(b) 



15b 16a 16d 15ar16b 16c 15c 

i14b 



lou loa iDQ laufi 




63 



SNSDOCIO: <EP 0652457 A1 _!_> 



EP 0 652 457 A1 



Fig. 37 




64 



EP 0 652 457 A1 




65 



BNSOOCrD: <EP 0652457A1 I > 



EP 0 652 457 A1 



Fi g.39 



A 
4\ 




66 



EP 0 652 457 A1 




67 



BNSOOCID: <EP 0652457 Ai \ > 



BP 0 652 457 A1 



Fig. 41 



(R-^z■)d e 




C 



68 



EP 0 652 457 A1 



Fig.A2 



1.5 TT 




VOLTAGE 



69 



EP 0 652 457 A1 




70 



EP 0 652 457 A1 



9 




3NSDOC1D: <EP 0652457A1 ( > 



EP 0 652 457 A1 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Applicatloo Number 

EP 94 30 7165 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citatien of doauncBt mth iadicadon, wbcre appropnatCi 
of rdevant pigatg 



Relevaol 

to < ■ 



CLASSinCATION OF THE 
APPUCATION (1i>LCL6) 



D.P, 
A 



EP-A-0 444 959 (FUJITSU) 

« column 11, line 11 - line 29; figures 

1-13 « 

EP-A-0 315 350 (AT&T) 

* claims 1-17; figures 1-12 * 

EP-A-0 553 568 (FUJITSU) 

* abstract; figure 1 * 

APPLIED PHYSICS LETTERS, 

vol.64, no. 10, 7 March 1994, NEW YORK US 

pages 1180 - 1182 

H.NAGATA ET AL. 'POSSIBILITY OF DC DRIFT 
REDUCTIOM OF Ti:LiNb03 MODULATORS VIA DRY 
02 ANNEALING PROCESS' 

* the whole document * 



1 

1 
1 

1.4.5 



G02F1/035 
G02F1/225 



TECHNiCAI. FHUDS 
SEARCHED (I1K.CL6) 



G02F 



The present search report has beefi ikawo up for all daims 



THE HAGUE 



7 February 1995 



Malic, K 



CATEGORY OF 07X0 DOCUMENTS 

X : particularly reta^iot If taken alooc 

Y : particuUrfy relevant if combised witb anothv 

document of tbc sane category 
A : technologicaJ back^T^nd 
O : Qoo-writtm disdosun 
P : iDtermedtate document 



T : tbeof7 or prindple UDderlytDg the invcctiDii 
E : earlier paioii doaimeot, but published oa« or 

xfts the liliog date 
D : docunoit dted in tbc application 
L : doconcot dted for other reasons 



A : member sd the same patent family, corresponding 
docoocnt 



72 



INSDOCID- <EP 065?i57Ai i > 



